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Abstract
In order to relate the observed evolution of the galaxy stellar mass function and the luminosity function of active galactic nuclei
(AGN), we explore a co-evolution scenario in which AGN are associated only with the very last phases of the star-forming life of
a galaxy. We derive analytically the connections between the parameters of the observed quasar luminosity functions and galaxy
mass functions. The (mbh/m∗)Qing associated with quenching is given by the ratio of the global black hole accretion rate density
(BHARD) and star-formation rate density (SFRD) at the epoch in question. Observational data on the SFRD and BHARD
suggests (mbh/m∗)Qing ∝ (1 + z)1.5 below redshift 2. This evolution reproduces the observed mass-luminosity plane of SDSS
quasars, and also reproduces the local mbh/m∗ relation in passive galaxies. The characteristic Eddington ratio, λ∗, is derived
from both the BHARD/SFRD ratio and the evolving L∗ of the AGN population. This increases up to z∼ 2 as λ∗ ∝ (1+ z)2.5 but
at higher redshifts, λ∗ stabilizes at the physically interesting Eddington limit, λ∗ ∼ 1. The new model may be thought of as an
opposite extreme to our earlier co-evolution scenario in Caplar et al. (2015). The main observable difference between the two
co-evolution scenarios, presented here and in Caplar et al. (2015), is in the active fraction of low mass star-forming galaxies. We
compare the predictions with the data from deep multi-wavelength surveys and find that the “quenching” scenario developed in
the current paper is much to be preferred.
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quasars: supermassive black holes
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1. INTRODUCTION
Recently there has been significant interest in the co-
evolution of galaxies and their supermassive black holes
and the possible connections between these two populations.
This has been primarily motivated by the observed correla-
tions between the masses of the central black holes and the
properties of host galaxies (Ferrarese & Merritt 2000; Geb-
hardt et al. 2000; Marconi & Hunt 2003; Häring & Rix 2004;
Sani et al. 2011; Marleau et al. 2013; Kormendy & Ho 2013;
Reines & Volonteri 2015). Additionally, there are qualita-
tive similarities between the cosmic evolution of star for-
mation rate density (SFRD) and that of the luminosity den-
sity of active galactic nuclei (AGN) which tracks the cosmic
black hole accretion rate density (BHARD). Both of these
functions rise with increasing redshift up to z ' 2 where
they reach a broad maximum before falling again at higher
redshifts (Boyle & Terlevich 1998; Heckman et al. 2004;
Hasinger et al. 2005; Silverman et al. 2009; Madau & Dick-
inson 2014; Aird et al. 2015).
Several recent studies have demonstrated the strength
of a phenomenological approach to understanding the evolv-
ing population of AGN and their host galaxies. Weigel et al.
(2017) showed that the population of accreting black holes
in the local universe, and specifically their luminosity func-
tions, can be reproduced by two main AGN populations, with
markedly different (mass-independent) Eddington ratio dis-
tribution functions: radiatively efficient AGN hosted in op-
tically blue and green galaxies, and radiatively inefficient
AGN hosted in red galaxies, “quenched” galaxies. Aird et al.
(2018) used a combination of extragalactic fields with deep
X-ray coverage to probe the dependence of the Eddington ra-
tio distribution function on host mass (and on redshift), find-
ing that the probability for a galaxy to host an AGN depends
on the galaxy mass. This is similar to the conclusion of Bern-
hard et al. (2018), who have argued that mass dependence is
needed in order to reproduce the flat relation between host
SFR and the AGN (X-ray) luminosity. Georgakakis et al.
(2017) has emphasized the need for a strong redshift evolu-
tion of the AGN duty cycle, using similar data to that used by
Aird et al. (2018).
In Caplar et al. (2015) (hereafter C15) we explored
a scenario for the co-evolution of galaxies and their cen-
tral black holes through comparisons of the evolving mass
function of star-forming galaxies with the evolving X-ray
luminosity function of AGN. In C15 we constructed a sim-
ple “convolution model” that enabled us to link the redshift-
dependent parameters describing the AGN luminosity func-
tion and the galaxy mass function. We assumed in that pa-
per that black hole growth occurred on similar time scales as
the build up of the stellar mass, i.e. that there was a steady
build-up of the black hole mass in a galaxy as the stellar mass
increased, thereby producing a characteristic ratio between
stellar and black hole masses in galaxies. We allowed that
this characteristic ratio might however itself evolve slowly
with epoch as the overall population evolved. We showed
that, in such a scenario, there are simple analytic relations be-
tween the parameters describing the Schechter galaxy mass
function, i.e., M∗, φ∗SF and α, and the parameters that are
used to describe the double power-law of the quasar lumi-
nosity function (QLF), i.e., L∗, φ∗QLF and γ1 and γ2. These
relations are a consequence of the fact that QLF is a convo-
lution of the black hole mass function and Eddington ratio
function, the former being itself a convolution of the galaxy
mass function and the relation between the galaxy and black
hole mass, which we assumed to be a Gaussian around some
fiducial (but possibly evolving) value. Within the framework
of this model, our observational knowledge about the evolu-
tion of the galaxy mass function and the QLF was used to
constrain the allowed evolution of the characteristic Edding-
ton ratio and the evolving galaxy-black hole relation mbh/m∗.
A short summary of this earlier paper and its methodology is
given in Section 2.
In C15 we found that significant evolution in the
mbh/m∗ ratio was preferred to the scenario in which mbh/m∗
stays constant with redshift. This was based on the compar-
ison of the models which used different mbh/m∗ evolution
with the distribution of quasars in the BH mass-luminosity
plane using SDSS data from Shen et al. (2011) and Trakht-
enbrot & Netzer (2012). In order to explain both the shape
of the QLF and the distribution in the mass-luminosity plane
at different redshifts, we found that we had to impose an
evolution of something like mbh/m∗ ∝ (1 + z)n with n ∼ 2.
This was strongly preferred over the the non-evolving case
of n = 0.
Whether such evolution of the mass-scaling between
black holes and their host galaxies occurs has been hotly
debated, with a number of studies suggesting redshift evo-
lution, with black holes being more massive, respective to
host galaxy mass, at higher redshift (Peng et al. 2006; Decarli
et al. 2010; Merloni et al. 2010; Trakhtenbrot & Netzer 2010;
Bennert et al. 2011; Sijacki et al. 2015; Trakhtenbrot et al.
2015). On the other hand, some other studies have claimed
to see no significant evolution (Jahnke et al. 2009; Cisternas
et al. 2011; Mullaney et al. 2012b; Schramm & Silverman
2013) or that all of the evolution found in the observational
studies is due to selection effects (Lauer et al. 2007; Schulze
& Wisotzki 2011; Schulze & Wisotzki 2014).
Recently, observational studies in the local Universe
have provided valuable insights on this question. Ferré-
Mateu et al. (2015) and Ferré-Mateu et al. (2017) presented
evidence for the existence of very compact quenched galax-
ies in the local Universe that have much larger black hole
masses than could be expected from the scaling relations.
Given the compactness of these galaxies and their old mean
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mass-weighted ages, they can be interpreted as relics of a
typical population that quenched at z∼ 2. The fact that their
central black holes are more massive than seen generally in
the local Universe supports the idea that the mbh/m∗ ratio was
larger at z ∼ 2 than at lower redshifts. The same conclusion
was reached by Barber et al. (2016) using the result from the
Eagle simulation (Schaye et al. 2015; Crain et al. 2015). Dif-
ferent lines of evidence for the mass ratio evolution comes
from Reines & Volonteri (2015) who surveyed the mbh/m∗
in the active systems in the nearby Universe (z . 0.06) and
found the mbh/m∗ ratio in these systems to be more than
an order of magnitude lower than the mbh/m∗ ratio found
in the quenched systems. Such an offset is consistent with
the scenario where the mbh/m∗ ratio is decreasing with cos-
mic epoch, as quenched galaxies would maintain a mass ra-
tio representative of the active systems at the time of their
quenching. This would naturally lead to quenched galaxies
having larger mbh/m∗ than locally observed active galaxies.
All of these approaches described above imply the evolving
mbh/m∗ relation, as suggested in C15 through quite indepen-
dent arguments.
However, there was an obvious weakness in the C15
analysis. This was that it did not explicitly include informa-
tion on the star-formation history of galaxies in the Universe
and therefore did not “close the loop” between the global
build-up of BH mass, the build-up of stellar mass and the
evolving mbh/m∗ ratio. In fact, a possible tension in that
model was already apparent in C15, in that it was hard to get
a fast enough decline with cosmic epoch in the mbh/m∗ ratio,
even if there was no BH growth at all. In this paper we aim to
expand and develop the analysis from C15 by building a more
self-consistent model in which we include information about
the mass build-up histories of both the galaxy and black hole
population. This was not the case in C15 - all of our conclu-
sions about the evolution of quantities, such as the black hole
- galaxy mass ratio and the evolution of the normalization of
the QLF and galaxy mass functions, were based on observa-
tional data but were not connected with quantities describing
growth of stellar and black hole population. For example, in
the previous work we have put in the mass ratio evolution
“by hand” to explain the observed mass ratio evolution in the
mass-luminosity plane i.e., the mass ratio evolution was an
input for the model that was adjusted to produce consistency
with the mass-luminosity plane. In the work described here,
we will use the cosmic SFRD and BHARD in order to follow
the mass build up of both population over time and the form
of the mass-luminosity plane will now be an output predic-
tion of the model that can be used to check validity of our
assumptions.
We will find that in order to simultaneously satisfy
the observational constraints from the SFRD and BHARD,
we will need to implement a major change in the underly-
ing scenario for BH growth in galaxies. Instead of the sce-
nario explored in C15 where both galaxies and their cen-
tral black holes grew “together” over the whole star-forming
life of a galaxy, we are forced towards the other extreme in
which most of the black hole growth is associated with a
short growth phase only at the end of the star-forming life
of the galaxy. In other words, we will have the black hole
growth associated in some way with the ”quenching” of star-
formation in galaxies.
We will use the quenching formalism of Peng et al.
(2010). Specifically we will consider the “mass-quenching”
of Peng et al. (2010) and ignore any “environmental-
quenching”. The primary reason for this is that it is mass-
quenching which is most directly tied to the evolution of
the mass function of star-forming galaxies, since mass-
independent environment-quenching does not change the
shape of the mass function. Ignoring environment-quenching
may or may not be justified physically, but it is anyway sub-
dominant at the galaxy masses of most interest here. An im-
portant insight from Peng et al. (2010) was that the specific
star formation rate (sSFR) of the Main Sequence of galaxies
controls not only the growth of the stellar mass of galaxies
but also the rate of (mass-) quenching in the population and
therefore, in the new scenario considered in this paper, the
growth of black holes. By directly linking both black hole
growth and stellar mass growth to the Main Sequence sSFR
in this way, we can effectively eliminate a variable from the
analysis. This enables us to break the degeneracy between
the black hole masses and Eddington ratios that we encoun-
tered in C15. Whereas in that paper, this degeneracy could be
broken only by inputing additional observational data in the
form of the distribution of objects in the (mbh,L) plane, we
will find in this paper that this distribution can be an output
prediction of the model.
Additional output from the model are the connections
between galaxies and their respective black holes. Number of
observational studies have tried to directly observe the con-
nection between AGN activity, AGN mass, star-formation
and quenching (Lutz et al. 2010; Shao et al. 2010; Harrison
et al. 2012; Mullaney et al. 2012b; Rosario et al. 2012; Stan-
ley et al. 2015, 2017; Lanzuisi et al. 2017). These studies
have shown that the star formation of AGN are in quantitative
agreement with the population of the star-forming galaxies
with the same stellar mass. Directly inferring the connection
between star-formation and AGN activity is difficult with-
out appropriate modeling as the correlation can be masked
due to different time scales of AGN and galaxy processes
(e.g., Hickox et al. 2014; Volonteri et al. 2015; Bernhard et al.
2018). We will investigate these questions in context of our
model in Section 6.
The layout of the paper is as follows. In Section 2 we
provide an reprise of C15 that may be skipped by readers
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familiar with that paper. We also point out the tension be-
tween the co-evolution scenario that was basis of the C15
analysis, the observed mass growth rates for black holes and
galaxies, and the inferred black hole-galaxy mass evolution.
In Section 3 we develop the quenching scenario that is the
basis of this paper. This scenario naturally resolves the ten-
sion because the observed mass black hole-galaxy mass ra-
tio responds quickly to changes in the mass accretion rate.
We also derive analytically connections between parameters
describing observed QLF and black hole mass function and
the cosmic mass growth density for galaxies and black holes.
In Section 4 we determine the evolution of the black hole -
galaxy mass ratio, the normalization of the AGN mass func-
tion, and the characteristic Eddington ratio using analytical
connections from previous section and using observational
constraints. We find that black hole - galaxy mass ratio
evolves as (1+z)1.5 up to redshift 2, quite similar to (1+z)2 we
suggested in C15. We also find that inferred evolution of the
normalization and the Eddington ratio is very similar to the
evolution suggested in C15. In section 5 we show results of
our quantitative analysis in which we compare results of this
scenario directly with observations of active AGN in mass-
luminosity plane and with observations of quiescent black
holes in local Universe. We show that the new quenching
scenario reproduces these observations in a similar fashion as
the co-evolution scenario from C15. This is a consequence
of the similar evolution of the black hole-galaxy mass ratio,
the normalization and the Eddington ratio. In Section 6 we
discuss observation which are able to differentiate these two
scenarios. We compare predictions from both scenarios for
deep x-ray and optical observations in COSMOS and CDF-
S fields and find that the quenching scenario presented here
provides better description to the data. We summarize in Sec-
tion 7.
Throughout the Paper, we will assume a ΛCDM cos-
mology, with parameters ΩM = 0.3, ΩΛ = 0.7 and H0 = 70
km s−1 Mpc−1. AGN luminosities will be given in units
of erg s−1 and will refer to bolometric luminosities, unless
specified otherwise. We use the term "dex" to denote the
antilogarithm, i.e., n dex = 10n. We also define all dis-
tribution functions, i.e., the star-forming galaxy mass func-
tion φSF (m∗), the associated star-forming galaxy black hole
mass function φbh(mbh), the mass function of galaxies which
are undergoing mass quenching φQing(m∗), the AGN mass
function φbh(mAGN), the AGN luminosity function φ(L), and
the probability distribution of Eddington ratio ξ(λ), in log10
space. This leads to power-law exponents that differ by
unity relative to distribution functions defined in linear space.
The units of φSF (m∗), φbh(mbh), φQing(m∗), φbh(mAGN), and
φ(L) are Mpc−3 dex−1. An overview of the parameters used
throughout this paper is given in Table 1.
2. REPRISE OF CAPLAR ET AL. (2015)
The C15 analysis created a global model which used
our knowledge about the evolving galaxy mass function as
an input to try to explain the main features of the evolving
QLF and thereby to empirically connect the galaxy and AGN
populations. We show the main features of this concept in
Figure 1. The quasar luminosity function is given by a con-
volution of the black hole mass function and the Eddington
ratio function,
φ(L,z) =
∫
φbh(mbh,z)ξ(λ,z)d logλ, (1)
where φ(L,z) is the QLF, φbh(mbh,z) is the black hole mass
function and ξ(λ,z) is the Eddington ratio distribution. In this
expression, the redshift evolution of the QLF is well known,
and the black hole mass function can be constructed by con-
volving the galaxy mass function of galaxies hosting an AGN
(assumed to be the star-forming population) with a gaussian
function describing the distribution of mbh/m∗.
For simplicity, we assumed that this black hole-galaxy
mass relation is linear, and that all star-forming galaxies are
equally like to host an active black hole. These assumptions
correspond to a “co-evolution” scenario in which AGN are
simply co-existing with their host galaxies with both the stel-
lar mass and black hole mass growing more or less in step,
with a (possible) slow evolution in th mean ratio over cosmic
time.
The main input to this analysis is the cosmological evo-
lution of the star-forming galaxy mass function. It is well
described with a Schechter function, that is
φSF (m∗)≡ dNd logm∗ = φ
∗
SF
(m∗
M∗
)αSF
exp
(
−
m∗
M∗
)
, (2)
where φ∗SF is the normalization, αSF is the low mass slope
and M∗ is the Schechter mass. It is known observationally
(Ilbert et al. 2013; Muzzin et al. 2013; Tomczak et al. 2014;
Mortlock et al. 2015; ) that M∗ stays essentially constant
with redshift up until at least redshift 3, especially if the faint
end slope α is fixed, while φ∗SF steadily falls towards higher
redshift. Both the qualitative and quantitative evolution of
these parameters is in accordance with the phenomenolog-
ical model of galaxy growth and quenching by Peng et al.
(2010).
We then used the linear correlation between the galaxy
and the black hole mass to construct the black hole mass
function for black holes hosted in star-forming galaxies,
which again has a broadly Schechter form, broadened by the
dispersion in M∗bh = M
∗ ·mbh/m∗ relation (sometimes called
"modified Schechter function", see Schulze & Wisotzki
(2010)).
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The QLF is often described with the following broken
power law function:
Φ(L)≡ dN
dlogL
=
φ∗QLF
(L/L∗)γ1 + (L/L∗)γ2
, (3)
where φ∗QLF is the normalization, L
∗ is the break luminos-
ity and γ1 and γ2 are, respectively, the faint and bright end
slopes. From the shape of this function, the shape of the
black hole mass function and the Equation (1) it follows that
the Eddington ratio distribution function must also have bro-
ken power law shape:
ξ(λ)≡ dN
Nd logλ
=

ξ∗λ
(λ/λ∗)δ1+(λ/λ∗)δ2 , λ > λmin
0 λ < λmin
where ξ∗λ is the normalization, λ
∗ is characteristic Ed-
dington ratio, δ1 and δ2 are, respectively, the low and high
end slopes and λmin is the lower cutoff of the distribution.
We found that this simple model can fully explain the
observed QLF. Due to the simplicity of the model, it is
straightforward to directly and analytically connect the pa-
rameters describing the galaxy and AGN populations. Here
we reproduce only the main equations which describe the
normalization and the location of the characteristic luminos-
ity, or “knee”, of the double power-law QLF:
L∗ ∼= 1038.1 ·λ∗ ·M∗ · mbh
m∗
,
φ∗QLF ∼= ξ∗λ ·φ∗SF .
(4)
The first equation relates the characteristic quantities in
Equation (1) and states that the characteristic L∗ luminosity
of the QLF will be given (to within factors of order unity) by
the product of the characteristic galaxy mass M∗, the charac-
teristic Eddington ratio λ∗, and the average black-hole galaxy
mass ratio. The second relation states that the number of ac-
tively accreting black holes, φ∗QLF , will be given by the prod-
uct of the number density of star-forming galaxies, φ∗SF and
the normalisation of the knee of the Eddington ratio distri-
bution ξ∗λ, which is a general “duty cycle” of the black hole
population, i.e., the probability that they are active.
We then pointed out two interesting features of the red-
shift evolution of these parameters (L∗ and φ∗QLF ). Firstly,
the observed normalizations of both the star-forming galaxy
mass function and the QLF evolve in a very similar manner
to at least z ' 3 and possibly beyond. As described above,
in the model these two normalizations are directly connected
via the normalization of the Eddington ratio distribution. The
fact that the ratio of these two observed quantities (mass
function and QLF) is constant implies that the normaliza-
tion of the Eddington ratio function also stays constant with
redshift, i.e., that the “duty cycle” of the AGN population is
essentially constant with redshift.
Second, the QLF L∗ changes significantly with red-
shift, with this evolution being roughly L∗ ∝ (1+ z)4 to z∼ 2.
The luminosity corresponding to the “break” of the QLF, L∗,
is directly connected with the value of the Schechter break
in galaxy mass function, M∗, the break in the Eddington ra-
tio distribution, λ∗, and the scaling ratio between galaxy and
black hole mass, mbh/m∗. Given that there is strong evidence
that M∗ does not change, the observed evolution in L∗ sug-
gests evolution in the knee of the Eddington ratio distribu-
tion, or evolution in black hole - galaxy mass ratio or some
combination of these two quantities.
We could in principle break this degeneracy by model-
ing the distribution of AGN in the mass-luminosity plane, as
observed in SDSS, including all the relevant selection cuts.
We found that the observed distribution could best be ex-
plained by splitting the evolution roughly equally between
contributions from a (1+ z)2 change in mbh/m∗ and a (1+ z)2
increase in the break of the Eddington ratio distribution, λ∗.
We argued that this type of change is consistent with the ob-
served mbh/m∗ relations in both star-forming and quenched
galaxies in the local Universe and with the observations of
mbh/m∗ ratio in active galaxies at higher redshifts. We also
pointed out that this kind of evolution, when coupled with
observed galaxy size evolution, naturally leads to a redshift
independent mbh −σ∗ relation.
However, already in C15, we pointed out that there was
a shortcoming of the model. Given that all galaxies were
assumed to have roughly the same mbh/m∗ at a given redshift,
we showed that it was very difficult to get this ratio to evolve
fast enough at low redshifts (z. 0.7) simply because there is
not enough star-formation to decrease mbh/m∗ even if there
is no black hole growth at all. We describe and elaborate on
this problem further below.
For the galaxies on the Main Sequence, we can de-
scribe the expected increase of their stellar mass as
rsSFR(z) =
m˙∗
m∗
=
(
−1
H0(1+ z)
√
ΩM(1+ z)3 +ΩΛ
)−1
1
m∗
dm∗
dz
,
(5)
where rsSFR is the “reduced specific star-formation rate”
(see Lilly et al. 2013), rsSFR = (1−R)sSFR, where R is the
fraction of stellar mass that is returned during star formation,
R ∼ 0.4. If we use the expression for the redshift evolution
of the Main Sequence (Lilly et al. 2013)
rsSFR|ms(z) = 0.07(1+ z)3 Gyr−1, (6)
we find that these galaxies change their mass by ∼ 0.5 dex
between redshift 0 and redshift 0.7. This value is therefore
a maximal change of the mbh/m∗ ratio which is possible in
the Universe. This is consistent with (1+ z)2 evolution of the
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Figure 1. Sketch of the convolution model used in C15. The quasar luminosity function is given by the convolution of the AGN black hole
mass function and the Eddington ratio distribution. The AGN mass function, describing the mass distribution of actively acreting black holes,
is derived by convolving the galaxy mass function of star-forming galaxies with an mbh/m∗ distribution. In this model all of the star-forming
galaxies have the same chance to host AGN at a given moment in time.
mbh/m∗ ratio only if there is no black hole growth whatsoever
during this period. At lower redshifts, the galaxy growth be-
comes even slower and as such it is not possible to create
such strong evolution in the mbh/m∗ ratio.
Of course, we know that the case in which black holes
do not accrete at all is not realistic. We can therefore estimate
how the mass doubling time for the black holes would need
to change if the mbh/m∗ ratio changes by the factor of ten
from z ∼ 0 to z ∼ 2 – the change implied by mbh/m∗ ∝ (1+
z)2 evolution. We use an equation describing mass growth
of actively accreting BHs (i.e., AGN), which takes a similar
shape to Eq. (5) :
1038.1
1037.75
1− 

〈λ〉 = m˙bh
mbh
=
(
−1
H0(1+ z)
√
ΩM(1+ z)3 +ΩΛ
)−1
1
mbh
dmbh
dz
,
(7)
where 〈λ〉 is the mean Eddington ratio of the population1.
If we assume that both the galaxy and black hole populations
had the same mass doubling times at z∼ 2 and there is no red-
shift evolution in the efficiency of BH accretion, we find that
the mean Eddington ratio has to evolve as 〈λ〉 ∝ (1+ z)5.5 to
create a change in the typical galaxy - black hole ratio by the
factor of 10! This means that the black hole accretion has to
fall rapidly to allow galaxies to “overtake” their black holes
and produce a large change of in the mbh/m∗ ratio. Such
a rapid drop in BH accretion rates is, however, inconsistent
with observations (see above).
In order to overcome this apparent problem, it is clear
that one of the underlying assumptions of the simple con-
volution model must be changed. As discussed above, the
1 The pre-factor 1038.1 in the nominator of Eq. 7, and elsewhere in this
paper, comes from the definition of Eddington ratio, L = 1038.1mbhλ, where
the luminosity is given in erg s−1 and black hole mass is given in M. In
the denominator, the pre-factor 1037.75 comes from unit conversion in the
expression L = m˙bh/(1− ) from kg s−1 to M Gyr−1 on the right hand side
of Eq. 7, and again expressing luminosity in erg s−1. With this conversion,
the units in which Equation (7) is expressed is Gyr−1, which is same as in
equivalent relations (5) and (6). We have also suppressed explicitly writing
c, the speed of light, in this and in the following equations throughout the
paper.
problem arises because all galaxies at high redshift were as-
sumed to contain massive black holes described by the “high”
mbh/m∗ ratio. These black holes all built up over essentially
the full span of cosmic time. The obvious solution is thus to
have the growth of black holes occurring over a much shorter
time interval and only in a fraction of the galaxy population.
Crucially, in order to overcome this "memory problem" we
need the black hole masses in AGN at any epoch to not be
connected with the BH masses in AGN at earlier epochs.
This requires a given galaxy to have an active AGN at only
one cosmic epoch even if, during that particular short epoch,
it flickers on and off. As we expect most of the AGN activ-
ity to happen in galaxies around M∗ we can choose to make
these active galaxies be those that are just about to end their
star-forming lives and join the quiescent population. The ob-
served mbh/m∗ ratio in AGN at a particular epoch then de-
scribes the black holes in these galaxies, which will soon be
removed from the AGN population, and will not constrain
the masses of the black holes that are be present in other
galaxies and which will go through their own active stage
at a later epoch. In other words, mbh/m∗ becomes a measure
of the black holes in the active population only and galaxies
that become active at later times will be free to have different
mbh/m∗, irrespective of the value seen at earlier times.
The current paper explores this new co-evolution sce-
nario. As will be seen, a key point is that by explicitly tying
the growth of black holes to a short-lived phase associated in
some way to the end of the star-forming life of a galaxy, we
can use the Peng et al. (2010) formalism to link the number of
“quenching” galaxies, i.e., the number of AGN, to the cosmic
evolution of the star-formation rate of the Universe, thereby
bringing the build-up of the stellar populations of galaxies
into the model and thereby “closing the loop” mentioned ear-
lier.
3. ANALYSIS OF THE NEW QUENCHING SCENARIO
We will now consider a model in which AGN are not
continuously growing during the whole time that the host
galaxy is building up its stellar population, but in which
the entire black hole accretion happens in single, short-lived
(ideally almost δ-like), burst of mass accretion just as the
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Figure 2. Schematic representation of the co-evolution scenario used in this work. In this scenario only star-forming galaxies that are under-
going (or about to undergo, or just finished) mass-quenching host an AGN. The mass function of “quenching” galaxies is derived from the
mass function of star-forming galaxies using the formalism from Peng et al. (2010). The AGN mass function is then derived by convolving this
“quenching” mass function with a step-like function describing the mbh/m∗ relation, which is flat up to the mbh/m∗ value at which the galaxies
quench, i.e. cease forming stars or accreting on to their black holes. The quasar luminosity function is then given as before by a convolution
of the AGN mass function with the Eddington distribution. We also indicate that the Eddington ratio function cannot extended to arbitrarily
low values, otherwise the black holes will grow too slowly for the scenario to work. This creates another break at low luminosities, below the
“knee" or characteristic luminosity of the QLF. Compare with Figure 1.
galaxy is about to quench its star-formation (as also sup-
ported by recent FIRE simulations; see Anglés-Alcázar et al.
2017). We stress that, while we operatively confine the
episode of BH growth (and AGN activity) to the period dur-
ing which the host galaxy experiences quenching, our model
does not explicitly assume, nor require, any physical link be-
tween the two phenomena, and specifically it does not neces-
sitate that SF quenching is causally due to the AGN activity.
The crucial component of the model is that AGN host galax-
ies are removed from the star-forming galaxy population at
more or less the same time as their black holes grow in a
short-lived AGN phase.
As elaborated in Section 2, this clearly overcomes the
problem of slow co-evolution described above. The black
holes now grow over a very short period of time, and the
mbh/m∗ in these objects is unaffected by accretion in other
systems that happened at earlier times. The current mass ra-
tio between the total stellar mass and black hole mass is now
not given by the integral over the long-term relation between
the mass accretion histories of galaxies and corresponding
black holes, but with a current mass accretion rate. We will
explore and further clarify these statements below.
3.1. Quenching scenario
We start, as in C15, with considering the mass func-
tion of star-forming galaxies (see the schematic illustration
in Figure 2). In C15 we assumed that all star-forming galax-
ies have equal chance of hosting an AGN. We now identify,
as explained above, the population of star-forming galaxies
that are being mass-quenched (Peng et al. 2010) as the parent
population of AGN at a given epoch.
We note that Bongiorno et al. (2016) already evalu-
ated the consistency of the quenching mass function from
Peng et al. (2010) with the AGN host galaxy population in
the simplified manner. They have used a maximum likeli-
hood approach to jointly fit the stellar mass function and the
Eddington ratio distribution from the X-ray luminosity func-
tions. They have showed that the number density and stellar
mass distribution at the high mass end of their inferred galaxy
population is consistent with the prediction for the quenching
population from (Peng et al. 2010). In this work we will per-
form the full evaluation of this statement using the quench-
ing mass function from (Peng et al. 2010) as the base for the
AGN host population.
The mass function of “quenching” galaxies can be de-
scribed with the Schechter formula:
φQing(m∗)≡ dNd logm∗ = φ
∗
Qing
(m∗
M∗
)αQing
exp
(
−
m∗
M∗
)
, (8)
where φ∗Qing is the normalization, M
∗ is the Schechter mass
and αQing is the low-mass end slope of the quenching popu-
lation. The parameters of this function are directly connected
with the mass function of star-forming galaxies (Peng et al.
2010); while the characteristic Schechter mass is the same for
both populations, the low mass slope of galaxies that are be-
ing quenched differs from the low mass slope of star-forming
galaxies by a factor of unity, i.e., αQing = αSF + 1. To derive
the normalization, we can use the fact that the normaliza-
tion of the mass function of galaxies that are being quenched
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is proportional to the normalization of the mass function of
star-forming galaxies (φ∗SF ) and their quenching rate (rsSFR)
(Peng et al. 2010). The fact that the quenching rate is given
by the rsSFR is one of the key insights from Peng et al. (2010)
that forms the basis of the current work. The main observa-
tional driver of this conclusion is the fact that the charac-
teristic Schechter M∗ of the mass function φ(m) of the star-
forming population has been essentially constant out to at
least z ∼ 2.5 (and likely to z ∼ 4), despite the substantial in-
crease in stellar mass (by a factor of 10-30) of any galaxy
that stays on the star-forming Main Sequence over this pro-
longed time period Bell et al. 2003, 2007; Ilbert et al. 2010;
Pozzetti et al. 2010; Ilbert et al. 2013. The overall rate of
quenching in the population is therefore related to the rate at
which galaxies increase in (log) mass, which is given by the
rsSFR of the Main Sequence. The exponential drop-off of
the mass function means that for a given star-forming galaxy,
the mass-quenching rate, ηm, which reflects the probability
that a given galaxy is quenching over a unit time has to be
proportional to the rsSFR and the logarithmic gradient of the
mass function, which is m for the case of the Schechter func-
tion. When these two relations are combined it follows that
ηm = (M∗)−1 ·SFR, where M∗ is a constant of proportionality
and we recognize it as the Schechter mass of the galaxy mass
function.
Once when galaxy has entered the quenching popula-
tion and is therefore considered, in this model, an AGN host
galaxy, time spent in this phase is inversely proportional to
the speed of the black hole mass growth, i.e., black hole e-
folding rate. From this, it follows that
φ∗Qing = φ
∗
SF · rsSFR · τ , (9)
where τ is black hole mass e-folding time.
As galaxies enter the quenching population we assume
that black holes start growing from some low “seed” mass
and accrete until they reach a final mass ratio mbh/m∗ at
which point the AGN phase ceases. If the Eddington ra-
tio distribution is independent of black hole mass, the black
holes grow exponentially which corresponds, in logarith-
mic space, to a convolution of the AGN host mass func-
tion with a step-like function with a lower limit set to re-
produce the “seed" AGN mass, and with the upper limit
given by the “final” mass ratio (see Figure 2). Since the
galaxy quenches star-formation shortly before or shortly af-
ter this phase, neither the black hole mass nor the stellar mass
will change thereafter, and the limiting mbh/m∗ will there-
fore be the value that the galaxy has for the remainder of
time. The limiting mbh/m∗ of this distribution function there-
fore sets up the observed mbh/m∗ relation. This means that
the resulting Schechter function describing the black hole
mass function of the AGN population, has Schechter mass
of M∗AGN = M
∗ ·mbh/m∗ where mbh/m∗ is the upper, “thresh-
old", value of the distribution of AGN masses.
To fully specify the resulting AGN mass function, we
note that the low mass slope of the AGN mass function is
given by the smaller of two power-law slopes of convolving
functions, αAGN = min(αQing,0) (see C15 for details). There-
fore the AGN mass function will have low mass end slope
αAGN = 0.
Once the AGN mass function has been fully con-
structed, the QLF is again simply a convolution of the AGN
mass function and the Eddington ratio distribution:
φ(L,z) =
∫
φbh(mAGN ,z)ξ(λ,z)d logλ, (10)
where we use AGN when denoting the AGN mass function to
emphasize that the AGN mass function used now is different
in shape than the one considered in Equation (1). We em-
phasize that, apart from the difference in the input shape of
the AGN mass function, this convolution is exactly the same
as the convolution considered in our previous paper reviewed
in Section 2. Given this, all of our general conclusions about
the connections between the AGN BH mass function, the Ed-
dington ratio distribution function and the QLF, as well as the
implications for the form of the mbh/m∗ relation for passive
galaxies, can be carried across to this new scenario as well.
A very important point is that the Eddington ratio
distribution also determines the duration of the black hole
growth phase, i.e., the timescale τ and thus the value of φ∗Qing.
For example, when the mean Eddington ratio is higher, the
BHs grow more rapidly, and consequently spend less time in
the active phase. Therefore, the normalization of the AGN
mass function and thus the normalization of the AGN lumi-
nosity function is lowered. It is the introduction of the Ed-
dington ratio distribution into the calculation of densities via
the Peng et al. (2010) formalism, which includes also the his-
tory of star-formation in galaxies, that effectively eliminates
the degeneracy that was inherent in C15.
3.2. New predictions for the mass function of AGN and of
their host galaxies
Because the QLF is the result of the convolution of the
AGN black hole mass function and the Eddington ratio dis-
tribution, we can immediately calculate the predicted mass
function of AGN black holes, and of AGN host galaxies, as
a function of their selection luminosity. This is similar to
what was described in C15 for the case of “co-existence”
scenario. We will show that the predictions for these two
scenarios differ significantly and we will use this extensively
when trying to differentiate between observable predictions
of the two scenarios in Section 6.
To generate the predictions, we have used the AGN
mass function described above and an Eddington ratio distri-
bution given by broken power-law function given in Equation
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Table 1. Overview of the model parameters
Symbol Description Units Value
Star-forming mass function, Equation (2)
φ∗SF normalization of the SF-galaxy mass function dex
−1Mpc−3 Equation (23)
M∗ Schechter mass M 1010.85
αSF low-mass end slope of the SF-galaxy mass function − -0.45
Quenching mass function, Equation (8)
φ∗Qing normalization of the quenching-galaxy mass function dex
−1Mpc−3 Equation (9)
M∗ Schechter mass M 1010.85
αQing low-mass end slope of the quenching-galaxy mass function − -0.45+1
Eddington ratio function, Equation (2)
ξ∗λ normalization of the Eddington ratio distribution dex
−1Mpc−3 ∼ φ∗QLF/φ∗Qing
λ∗ knee of the Eddington ratio distribution M 0.048(1+ z)2.5; z < 2
const; z > 2
δ1 low-Eddington end slope − -0.45
δ2 high-Eddington end slope − -2.45
λmin lower cutoff of the Eddington ratio distribution − λ∗/10
Quasar luminosity function, Equation (3)
φ∗QLF normalization of the QLF dex
−1Mpc−3 Caplar et al. (2015) fit to data from Hopkins et al. (2007),
also Ueda et al. (2014) and Aird et al. (2015)
L∗ knee of the QLF erg/s Caplar et al. (2015) fit to data from Hopkins et al. (2007),
also Ueda et al. (2014) and Aird et al. (2015)
γ1 faint end slope of the QLF − 0.45
γ2 bright end slope of the QLF − 2.45
Global parameters
 efficiency of conversion of mass to luminosity in an AGN - 0.04
rSSFR|ms reduced specific star formation rate of the Main Sequence Gyr−1 0.07 (1+z)2.5
SFRD star-formation density in the Universe M yr−1 Mpc−3 from Ilbert et al. (2013) and Madau & Dickinson (2014)
BHLD AGN luminosity density in the Universe M yr−1 Mpc−3 from Hopkins et al. (2007),Ueda et al. (2014) and Aird et al. (2015)
(2), with a lower limit on the Eddington distribution being
λmin = λ∗/10. We impose this limit to ensure that the AGN
accretion mimics a δ-like burst of mass accretion which is
a defining feature of the model. The real AGN are unlikely
to have such a sharp cutoff at a certain Eddington ratio and
this should be considered a simplification which allows the
model to be analytically tractable. The exact choice of the
lower cutoff is not crucial as long as the process of mass ac-
cretion is quick enough. We do not add, at this point, any
additional intrinsic scatter to the galaxy - black hole relation,
i.e., to the limiting mass ratio at which the AGN phase is
terminated. We normalize all our results to the parameters
of the mass function of star-forming galaxies, φ∗SF and M
∗,
and also separate results in bins of luminosity relative to the
characteristic luminosity of QLF, L∗. We show our results in
Figure 3.
We see that for luminosities above L∗, the effect of the
AGN luminosity cut is to change the number of host galaxies,
but not to change by much the characteristic mass of the dis-
tribution. This is a consequence of the fact that, at these high
luminosities, the QLF is dominated by black holes and galax-
ies that are at the Schechter mass (M∗) of their respective
mass functions and that are radiating at, or above, the char-
acteristic Eddington ratio (λ∗). Therefore, the mass function
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Figure 3. Expected shape of the AGN black hole and the AGN host galaxy mass functions, selected in different AGN luminosity bins relative
to L*. Masses are plotted relative to the Schechter M∗ of the galaxy population (M∗ ∼ 1010.85 M) and Φ relative to the φ∗SF of the star-forming
galaxy population. The insets show the same results that were derived from the scenario presented in C15 and are comparable to the Figure 2
in that paper, here presented without scatter for clarity. L is given in logarithmic units. The black thick lines show the full AGN mass function
(left) and AGN host mass function (right).
at these luminosities is dominated by an exponential drop off
above M∗, while below M∗ it is characterized with a low
mass slope which is given with α =αAGN +γ2 (see C15). This
behavior above L∗ is virtually the same as the one presented
in C15, as both scenarios use a Schechter mass function as
the input AGN mass function. The only difference between
the two scenarios is therefore in the relatively small change of
αAGN slope (αAGN = αSF = −0.45 before and αAGN ≈ 0 now).
Much more substantial differences arise at luminosi-
ties below L∗. Looking first at the AGN mass functions, in
the left panel for Fig. 3 we see that the different AGN lu-
minosities originate from different parts of the AGN mass
function. This is a consequence of a fact that our Eddington
ratio distribution is quite “narrow”, so a given AGN luminos-
ity is dominated by black holes in a relatively narrow range
of mass. The AGN mass function always reaches its peak at
mpeak,AGN ∼ L1038.1λ∗ , L< L∗. (11)
We can again recognize that each individual mass function at
a given luminosity (bin) has a low mass slope of αAGN + γ2.
This is caused by low mass AGN, described with low mass
slope αAGN , which are radiating at high Eddington ratios, de-
scribed with the corresponding high-end slope of the Edding-
ton ratio distribution, γ2. Finally, the AGN mass function
drops and disappears at a maximal masses corresponding to
of mmax,AGN ' L/(1038.1λmin), reflecting the fact that these
black holes are too massive to radiate at these low luminosi-
ties, given the assumed λmin of the distribution.
In case of galaxies at luminosities below L∗, we
can recognize three distinct regimes, similar to the co-
existence case presented in C15. At low masses, be-
low 1038.1(mbh/m∗)−1(λ∗)−1, the mass function has slope
αSF +1+γ2, and then the slope of αSF +1 until the M∗ mass,
after which an exponential drop takes over.
These relations and distributions of galaxies that host
AGN of various luminosities are quite different than what
we found for the co-existence scenario (presented in C15,
compare also with Figure 6. from Bongiorno et al. (2016)
showing the same information). In this scenario, AGN of
all luminosities are mostly likely to be hosted in M∗ galax-
ies. Perhaps surprisingly, even the low luminosity, low mass
AGN are most likely to be in massive galaxies, simply be-
cause massive galaxies are dominating the quenching popu-
lation and hosting AGN having a wide range of black hole
masses. As a conclusion, in this scenario, while AGN of dif-
ferent luminosities are hosted in systems with different black
hole masses, systems with similar galaxy mass, ∼M∗, dom-
inate the AGN distribution at all luminosities because these
dominate the quenching population.
As a final point in this section, we note the difference
in the shape of the mass function of actively accreting galax-
ies and of their black hole mass function in these two mod-
els. The most consequential is the different shape of the
galaxy mass function of the AGN hosts. In C15 we postu-
lated that all star-forming galaxies had the same chance to
host an AGN, so therefore the mass function of AGN host
galaxies had the same shape as the star-forming galaxy mass
function, given in Equation (2). On the other hand, we have
argued that if AGN accretion is connected with quenching
we expect the AGN host mass function to be given by the
mass function of galaxies undergoing quenching, which is
given in Equation (8). We show in Figure 4, as a function of
host galaxy mass, the fraction of star-forming galaxies that
we expect to be actively accreting at any given time. We note
that although the normalization of these curves is somewhat
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Figure 4. Fraction of star-forming galaxies as a function of stel-
lar mass which are actively accreting at any given time. While in
Caplar et al. (2015) the active fraction was mass independent, in
this work the active fraction of star-forming galaxies increases lin-
early with mass. The normalization of these curves is not so crucial
as it depends on the lower cutoff of the Eddington ratio distribution,
i.e., what level of accretion in needed to be classified as an AGN.
arbitrary as it depends on the definition of "active" accretion,
i.e., on the lower cutoff of the Eddington ratio distribution,
there exist significant differences in the mass scaling of the
active fraction. We will come back to this point and explore
the consequences of this difference in Section 6.
3.3. The connection between mass accretion and the mass
function of galaxies and AGN
The cosmic star formation rate density (SFRD) and
the black hole accretion rate density (BHARD) are the ba-
sic quantities describing the mass growth of galaxies and
black holes in the Universe. There have been numerous esti-
mates of the SFRD based on observational measurements of
the luminosity density of the Universe using different trac-
ers of star-formation. The BHARD can be computed from
the observed black hole luminosity density (BHLD) through
the radiative efficiency of the gas accretion process, . Be-
low we analyze analytically the connections between SFRD
and BHLD to find the expected evolution of the active black
hole mass function and Eddington ratio distribution. We will
use these analytic relations to improve our understanding be-
tween different parameters describing SFRD and BHLD, be-
fore using measured redshift evolution in Sections 4 and 5.
Both of these integral quantities (SFRD and BHLD)
can be derived by knowing the underlying mass function and
the corresponding law connecting mass and luminosity or
mass growth. We first derive these relations, i.e., the ana-
lytic connections of SFRD and BHARD with the parameters
of the appropriate mass functions and mass growth or lumi-
nosity relations, before we attempt to connect the redshift
evolution of the SFRD and BHLD.
We first consider the SFRD. As noted above, the total
star formation rate density at any given time in the Universe
can be reproduced given the underlying mass function of star-
forming galaxies and the law connecting the star-formation
rate and the stellar mass of the galaxies. Integrating the
Schechter function describing the star-forming mass function
over the whole mass range we can derive the total mass of the
star-forming population
ρSF =
φ∗SF
ln10
·M∗ ·Γ(1+αSF ), (12)
where Γ is denoting the Gamma function, Γ(x) =
∫∞
0 t
x−1 exp(−t)dt.
The vast majority of star-formation happens on the
Main Sequence of Star Forming Galaxies, a tight linear
correlation between the stellar mass and star-formation rate
(Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al. 2007;
Noeske et al. 2007). This means that for galaxies on the
Main Sequence, one can define the specific star-formation
rate (sSFR), which is not strongly dependent on the stellar
mass of a galaxy. We ignore in this analysis the small tilt in
the Main Sequence, i.e., the fact that the correlation between
the stellar mass and the star-formation rate is probably not
perfectly linear (see Lilly et al. 2013; Speagle et al. 2014, and
references therein) for simplicity, but also note that this small
non-linearity would not make significant changes to our con-
clusions, since our analysis and results are driven by galaxies
in a small range of mass around M∗.
The redshift evolution of the star-formation density is
then given by the product of the mass density and the charac-
teristic Main Sequence sSFR so it follows that
SFRD =
φ∗SF
ln10
·M∗ ·Γ(1+αSF ) · rsSFR. (13)
where rsSFR is “reduced specific star-formation rate" defined
in Equation (5). Given that we know that there is little or
no evolution in the M∗ and the faint end slope α (e.g., Peng
et al. 2014; Mortlock et al. 2015), the redshift evolution of
the SFRD is primarily driven by the evolution of the rsSFR
and the parameter φ∗SF describing the overall normalization
of the mass function, i.e.,
SFRD(z)∝ φ∗SF (z) ·M∗ · rsSFR(z). (14)
We now follow the same procedure to investigate the
evolution of the BHLD, which can also be derived from the
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underlying AGN mass function and the mean Eddington ra-
tio. The mass density of the AGN population is given by an
equation equivalent to Equation (12):
ρAGN =
φ∗AGN
ln10
·M∗AGN ·Γ(1+αbh)
=
φ∗AGN
ln10
·
(
mbh
m∗
)
AGN
M∗ ·Γ(1+αbh),
(15)
where in the first step we have denoted the Schechter mass
of the AGN mass function with M∗AGN , and in the second step
we have explicitly assumed a linear black hole - galaxy mass
relation.
The total luminosity of AGN in the Universe is propor-
tional to the total mass of the AGN population and the mean
Eddington ratio, 〈λ〉. Now we can write the equation for the
BHLD that is equivalent to Equation (13) for SFRD:
BHLD = 1038.1 · φ
∗
AGN
ln10
·
(
mbh
m∗
)
AGN
M∗ ·Γ(1+αbh) · 〈λ〉 .
(16)
We see that the evolution of the BHLD has the same
two parameters as the SFRD which influence its redshift
dependence, normalization and term describing the mass
growth rate (here expressed as Eddington ratio, which is
directly connected to the mass growth rate at a given effi-
ciency). The only difference is in the term relating black hole
and galaxy mass.
Because the AGN are now only active when the galaxy
is mass-quenching, the number of AGN host galaxies is di-
rectly proportional to the number of galaxies that are under-
going quenching, φ∗AGN ∝ φ∗Qing. As we have shown in Sec-
tion 3.1, the normalization of the mass function of galaxies
undergoing mass-quenching is given by φ∗Qing = φ
∗
SF · rsSFR ·
τ . Putting this normalization into the equation above leads to
BHLD= 1038.1 · φ
∗
SF
ln10
rsSFR τ ·
(
mbh
m∗
)
Qing
M∗ ·Γ(1+αbh) ·〈λ〉 ,
(17)
where we have used the subscript Qing to again remind
the reader that the AGN accretion is happening in this sce-
nario only as the galaxies are being quenched.
τ denotes the mean e-folding time for the black holes
and we can calculate from the first part of Equation (7) that
τ = /((1− ) · (1038.1/1037.75) · 〈λ〉).
Equation (17) can now be simplified by using the ex-
pression for τ to remove the dependence on 〈λ〉. We also use
1037.75 prefactor to express the BHLD in units of M/Gyr,
so that it now reads
BHLD =
φ∗SF
ln10
· rsSFR ·
(
mbh
m∗
)
Qing
M∗ ·Γ(1+αbh) 1−  .
(18)
When comparing Equations (13) and (18), we see that the
mass ratio in the newly quenched objects (i.e. the limiting
mass ratio at which accretion stops) is simply given by the
ratio of the BHLD and SFRD multiplied with an efficiency
factor, i.e., by the ratio of the mass accretion densities:(
mbh
m∗
)
Qing
=
BHLD
SFRD
1− 

∼= BHARD
SFRD
.
(19)
In the final step above we have ignored the factor Γ(1 +
αbh)/Γ(1 + αSF ) which is of order of unity. The equation
above determines the redshift evolution of the black hole -
galaxy mass ratio and therefore the evolution of the charac-
teristic mass of the AGN mass function. In this case, the
evolution of the mass ratio is given exactly by the ratio of
BHARD and SFRD, i.e., changes in the black hole - galaxy
mass ratio reflect, virtually instantaneously, changes in the
black hole - galaxy mass accretion ratio and vice versa.
Using the same analysis we can also infer the connec-
tion of the normalization of the AGN mass function with
the normalization of the star-forming galaxy mass function.
As we pointed out when deriving Equation (17), the nor-
malization of the AGN mass function is given by φ∗AGN ∝
φSF · rsSFR · τ . Using the fact that τ and 〈λ〉 are inversely
related we immediately arrive to
φ∗AGN ∼ φ∗SF ·
rsSFR
〈λ〉 . (20)
This relation provides a direct link between the normaliza-
tion of the mass function of star-forming galaxies and that of
AGN, which is simply given by the ratio of the mass doubling
times.
We note that if both the rsSFR and 〈λ〉 have the same
redshift dependence, then the normalizations of the respec-
tive populations will also have the same redshift dependence.
This is, in fact, exactly the dependence that is seen at z . 2
(Hasinger et al. 2005; Croom et al. 2009; Aird et al. 2010,
2015). This suggests that rsSFR and 〈λ〉 have the same, or
similar, redshift dependence over this range of redshifts.
We have now derived the relation for the mass ratio be-
tween quenching galaxies and AGN (Equation 19) and for
the normalization of the AGN mass function (Equation 20)
which fully defines the evolving AGN mass function. To
completely describe AGN evolution and its growth we will
now derive the evolution of the characteristic Eddington ra-
tio. As the L∗, the characteristic luminosity of the QLF, is
proportional to the position of the Schechter-like break in the
AGN mass function and the break in the Eddington ratio dis-
tribution, the second part of Equation (16) can be recognized
as being proportional to L∗, that is
L∗ ∼= 1038.1 ·
(
mbh
m∗
)
Qing
M∗ ·λ∗, (21)
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where we have used the simplifying assumption that 〈λ〉 ∝
λ∗, i.e., that the characteristic and mean Eddington ratio of
the population are linearly related to one another. We can
combine the expression above with Equation (19) to express
λ∗ fully as a function of observable evolving quantities:
λ∗ ∼= SFRD
BHLD
· L
∗
M∗
. (22)
This expression provides a clear prediction for the evolution
of λ∗, which is given by the ratio of two accretion rate den-
sities and by the evolution of the ratio between characteristic
QLF luminosity and characteristic galaxy mass.
Equations (19), (20) and (22) describe the evolution of
crucial parameters describing the AGN mass function and the
Eddington ratio function, once the evolution of SFRD and
BHLD(BHARD) is given.
The attractive feature of the model is that both the
galaxy mass and black hole mass growth are dominated by
objects around M∗ and L∗, respectively, allowing us to see
these simple scalings between observational quantities purely
in terms of the parameters at these crucial points. We stress
again the main point that, in this model, the mbh/m∗ ra-
tio in those systems with AGN reflects, virtually ‘’‘instan-
taneously”, the cosmic BHLD/SFRD ratio at that particular
moment of time. This is a consequence of the fact that AGN
accrete for a relatively brief time and that all the relevant
time-scales are short. This is different from the co-existence
scenario described in C15, where AGN accreted during the
entire time during which the host galaxy is also forming stars.
This long co-existence means the mbh/m∗ ratio in the popu-
lation is set by the integral over the entire accretion history of
the host galaxy and AGN, and therefore mbh/m∗ cannot re-
spond instantaneously to changes in the SFRD/BHARD ra-
tio. On the other hand, the relatively short growth time of
AGN in the scenario presented here assures that mbh/m∗ in
active systems responds rapidly to changes to mass accretion.
4. DETERMINING THE ACTIVE BH MASS AND
EDDINGTON RATIO FUNCTIONS
In the previous Section we pointed out the analyti-
cal connections between the parameters describing the AGN
mass function and the Eddington ratio distribution with the
observed QLF and SFRD. Here, we aim to present the main
observational constraints on the evolution of these quantities.
For the evolution of the BHARD we use the results pre-
sented in Hopkins et al. (2007), Ueda et al. (2014), and Aird
et al. (2015). Even though the first study relies on somewhat
dated survey data, it is arguably the most complete as it uses
data from the rest-frame optical, soft and hard X-ray, and
near- and mid-IR bands, to infer a bolometric AGN luminos-
ity function (i.e., QLF) that is consistent with all the mea-
surements in individual bands, across a wide range in red-
shift. The second and third studies use X-ray surveys with
various depths and areas covered to constrain the evolution
of BHLD with redshift. X-ray surveys are especially suit-
able for this purpose since they can also probe (moderately)
obscured AGN, and the selection effects are arguably well
understood.
To derive the BHARD from the observed luminosity
densities reported in each of the aforementioned papers, we
assume a fixed radiative efficiency of  = 0.04, and adopt the
reported observational uncertainties. We will show in Sec-
tion 5 that this choice of a low  = 0.04 is most suitable, as it
reproduces the mass density of black holes seen in observa-
tions. Even though some earlier work advocated for higher
radiative efficiencies,  ' 0.1 (Merloni 2004; Shankar et al.
2009), the recent re-normalization of the black hole - galaxy
relation in the local Universe (Kormendy & Ho 2013) sug-
gests that lower values of efficiency are needed. We will
show that our choice of efficiency is consistent with the ob-
servations in star-forming and quenched galaxies.
We also present results using two different choices
for the SFRD. The first one is from Madau & Dickinson
(2014), which is based on a compilation of surveys that mea-
sured star-formation rates from rest-frame far-ultraviolet or
mid- and far-infrared measurements to estimate the evolu-
tion of cosmic star-formation density. As noted in Madau
& Dickinson (2014), this estimate is slightly inconsistent
with measurements of the evolution of the galaxy mass func-
tion. This could be due to a number of reasons, such as un-
certainty in luminosity-dependent dust corrections for UV-
measurements, an incorrect initial mass function, the influ-
ence of strong nebular lines and other systemic effects.
Although Madau & Dickinson (2014) is certainly the
state-of-the-art compilation of SFRD measurements, as de-
scribed above, the SFRD enters into our analysis not just to
follow the increase of total stellar mass in the Universe but
also to have a self-consistent coupling between the Main Se-
quence rsSFR and the number of mass-quenched objects at
each redshift via the Peng et al. (2010) formalism. To en-
sure self-consistency, we therefore also use an SFRD derived
using a simplified assumption that the rsSFR of the Main
Sequence evolves as 0.07(1 + z)2.5 Gyr−1, and then follow-
ing through the growth of the galaxy population using the
model presented in Peng et al. (2010). This model well re-
produces the growth of the galaxy mass function from Ilbert
et al. (2013), and will enable us later to self-consistently fol-
low the growth of individual galaxies and their black holes,
since to derive the number of quenching objects and galax-
ies that host an ANG, we use the same formalism. Since
observational estimates of uncertainties are not available for
neither of these SFRD determinations, we assume, for plot-
ting purposes only, a representative error of 0.15 dex (at all
redshifts).
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Figure 5. Observational determinations of the redshift evolution of the BHARD and SFRD. From left to right, we show the BHARD from
Hopkins et al. (2007), Aird et al. (2015), and Ueda et al. (2014), while in the top row we show the SFRD derived self-consistently using the
model from Peng et al. (2010), assuming that Main Sequence evolves as rsSFR = 0.07 · (1 + z)2.5 Gyr−1, which reproduces evolution of mass
functions in Ilbert et al. (2013), while in the bottom row we show the directly determined SFRD from Madau & Dickinson (2014). In each
panel the BHARD is shown in black with uncertainties taken from each individual observational study. The BHARD has been derived from the
observed BHLD using  = 0.04, and has been multiplied by 103 to ease the comparison with the much higher SFRD. In each panel the SFRD is
shown in blue. The uncertainties are taken to be 0.15 dex and independent of redshift. The units of SFRD and BHARD are M yr−1 Mpc−3.
Figure 5 shows the redshift evolution of the different
choices for the BHARD and SFRD, while Figure 6 shows
the redshift evolution of the BHARD/SFRD ratio using the
different choices for SFRD and BHARD described above. It
can be seen that all choices suggest some level of evolution
in the BHARD/SFRD ratio. The ratio is smallest in the lo-
cal Universe, then rises out to z ∼ 2 before falling at higher
redshifts. The evolution of the BHARD/SFRD ratio points
towards an evolution of the limiting mbh/m∗ ratio in galax-
ies which are hosting AGN (see Equation [19]), following
roughly (1+ z)1.5. In the scenario presented here, this comes
purely from the observed BHARD/SFRD ratio. In the C15
model, this evolutionary trend came from our analysis of the
(mbh,L) plane of SDSS quasars, which served to break the de-
generacy between an evolving mbh/m∗ and an evolving Ed-
dington ratio distribution in driving the evolution of L∗.
We next turn to the evolution of the Eddington ra-
tio distribution. As we argued above (see Equation 22),
the characteristic Eddington ratio can be directly deduced
(within the framework of this model) from the evolution of
the BHARD/SFRD ratio, which we have just established,
together with the evolution of the ratio of the characteristic
quantities L∗/M∗.
For the evolution of L∗ in the Hopkins et al. (2007)
QLF, we use the results of our “full” fit presented in C15.
To estimate the L∗ evolution in Aird et al. (2015) we use the
results of their own fit to the LADE model. This model de-
scribes the QLF evolution with independent evolution of two
parameters, corresponding to the typical luminosity and the
number density, that is the L∗ and φ∗ parameters we use here.
The Aird et al. (2015) work provides best-fitting pa-
rameters describing the evolution of these quantities for the
observed hard and soft X-ray data, but unfortunately they
do not explicitly provide values for the evolution of the to-
tal (combined) X-ray QLF in the LADE model. We therefore
derive the evolution of L∗ from the redshift evolution of φQLF
in the LADE model and the total luminosity density provided
in Aird et al. (2015). This approach therefore fully account
for the evolution of the obscured population. We use the φQLF
evolution in the observed hard band, but we note that the
evolution of both normalizations (in both the hard and soft
bands) are almost identical and thus this should make little
difference in our results. The fact that both of these normal-
izations, which are differently affected by obscuration, have
the same redshift evolution makes us confident that the nor-
malization of the total population will behave in the same
way. Unfortunately, Ueda et al. (2014) does not parametrize
the QLF as a simple broken power law function so we can-
not infer the evolution of L∗ from that study. We however
note that its results are broadly consistent with the results
presented in Aird et al. (2015).
Figure 7 shows the results for the evolution of the char-
acteristic Eddington ratio λ∗ that is obtained by combining
the evolution of the SFRD/BHARD ratio with the evolution
of L∗ (since M∗ is taken to be constant). The typical Edding-
ton ratio rises with redshift, to z ∼ 2 after which the trend
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Figure 6. Observational determinations of the redshift evolution of the BHARD/SFRD ratio, using the data and panel arrangement shown in
Figure 4. This quantity is proportional in the model to (mbh/m∗)Qing, see Equation (19) and text.
Figure 7. The redshift evolution of the characteristic Eddington ratio λ∗ which is determined in the model by (SFRD/BHARD) · (L∗/M∗), see
Equation (22) and text. The Figure uses the same panel arrangement as Figure 6 except that the two rightmost panels are omitted because Ueda
et al. (2014) uses different parametrization of their QLF which does not specify the knee of the QLF, L∗. λ∗ initially rises to z∼ 2 as (1+ z)2.5,
interestingly close to the cosmic evolution of the rsSFR of Main Sequence galaxies, after which it flattens off at a value corresponding to the
very physically significant Eddington limit, λ∗ ∼ 1. Neither of these behaviors was in any way required by the model.
flattens out as λ∗ saturates at a particular value. The change
of the ratio up to z ∼ 2 is around ∼1.25 dex, which is what
we would expect with the λ∗ ∼ (1+ z)2.5 evolution. It is im-
mediately apparent that this is very similar to the evolution of
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the Main Sequence rsSFR relation at these redshifts. Further-
more, we see that this flattening happens as the characteristic
Eddington ratio approaches the Eddington limit, i.e., λ∗ ∼ 1.
This suggests that this is indeed the value above which accre-
tion seems to be rare, and it represents a maximum value at
which AGN can shine and accrete mass, at least in the cos-
mologically relevant sense.
We stress that the flattening at higher redshifts at this
value of λ∗ ∼ 1 is an output of the model which is driven
by the observed form of the changes with redshift of the
SFRD, the BHARD, and L∗, and is not in any way moti-
vated or dictated by any physical considerations. There were
no pre-existing requirements whatsoever in the convolution
model which would have either (a) required an evolution of
the Eddington ratio with the same dependence as the Main
Sequence rsSFR at low redshifts, or (b) produced the satura-
tion at the physically significant Eddington limit at z∼ 2.
5. QUANTITATIVE DISCUSSION
In previous sections, we have set up the model and
derived analytic connections between parameters describing
the galaxy mass functions, the AGN mass function, the Ed-
dington ratio distribution and the AGN luminosity function
(QLF). We have then inferred the redshift evolution of the
limiting mbh/m∗ ratio and of the characteristic Eddington ra-
tio λ∗, by using observational constraints on the redshift evo-
lution of the BHARD, the SFRD, and L∗. In this section,
we adopt specific choices for the evolutionary trends of all
these variables, conduct a quantitative analysis and show our
“predictions” for the resulting mbh/m∗ relation in quenched
galaxies in the local Universe and for star-forming galaxies
at z< 2, which can be directly compared with observations.
5.1. Description of the calculation
We use the BHARD presented in Hopkins et al. (2007)
as we want to compare our results with the evolution of AGN
in the BH mass - luminosity plane from SDSS. Because
SDSS measurements are the main component of the analy-
sis in Hopkins et al. (2007), this will ensure that comparisons
are done using the same basic dataset. We then also use the
“self-consistent” SFRD, which uses the rsSFR of the Main
Sequence rsSFR|MS = 0.07(1+ z)2.5 Gyr−1 and is prepared as
discussed in Section 4. As noted, this functional form recre-
ates the growth of the galaxy mass function and the evolution
of the number of quenched objects.
The model is fully self-consisted because it uses the
same inputs to determine both the evolution of the galaxy
and AGN populations. As we discussed above, all of the
choices for BHARD and SFRD will lead to same qualitative
conclusions (see Figures 6 and 7) and the exact choice will
not change our main findings.
Spurred by the results in Section 4 and especially those
shown in Figure 7 we adopt a characteristic Eddington ratio
which evolves as λ∗ = 0.048(1 + z)2.5 below redshift 2 and
then remains constant at higher redshifts. The fact that λ∗
and rsSFR have the same redshift dependence automatically
leads to the same evolution of φ∗SF and φ
∗
QLF below redshift 2,
exactly as observed in the data (Hasinger et al. 2005; Croom
et al. 2009; Aird et al. 2010, 2015).
We start our simulation at redshift 6, assuming that all
galaxies are star-forming at that redshift and that their mass
distribution can be described by a Schechter function. We
assume the same non-changing M∗ = 1010.85M and αSF =
−0.45 seen in the data at lower redshifts. To estimate the
normalization at this early epoch, we use the equation (B1)
from Peng et al. (2012) which provides the relationship for
the redshift evolution of the normalization of star-forming
galaxies:
φ∗SF (t) = φ
∗
SF (t0)e
∫ t
t0
−(1+αSF )rsSFR(t
′
)dt
′
(23)
and search for redshift 6 normalization which would repro-
duce the lower-redshift value of φ∗SF (z = 1) = 10
−2.81 Mpc−3
dex−1 (deduced from the fit presented in C15). We find this to
be φ∗SF (z = 6) = 10
−4.58 Mpc−3 dex−1. We then grow galaxies
along the Main Sequence in consecutive bins of ∆z = 0.002.
In each redshift bin we also deduce which galaxies should
quench, according to the mass-quenching law from Peng
et al. (2010).
There are several ways that one could connect AGN
accretion with quenching, either by requiring that AGN ac-
cretion happens just before galaxies quench, just after or with
some part of accretion happening before and some part hap-
pening after quenching, which we assume to be an instan-
taneous event in the history of an galaxy. In this work, we
set up the calculation in such a way that AGN start accret-
ing from their seed mass and reach their final mbh, which
is given by BHARD/SFRD, at the moment that their host
quenches star-formation. This is an operational choice, as
both processes (AGN activity and quenching) are unlikely to
be well defined, sharp transitions in the life of a galaxy but
our results will depend minimally on whether AGN accre-
tion happens just before, during or just after the quenching
of star-formation in a galaxy.
When AGN start accreting, we assume that their ini-
tial mass function is of the shape as the mass function of
“quenching” galaxies, i.e., that the low mass slope is αAGN,1 =
αSF + 1, where with subscript “1” we denote that this is
the low mass slope of the AGN that have started accreting
in a single redshift step of the simulation. This choice of
slope is the most logical one because is preserves the lin-
ear relation between galaxies that are quenching and their
black hole mass. This shape is then modified with an as-
sumed log-normal scatter, which we set at η = 0.3 dex for
this analysis. To represent the seed mass of black holes, we
assume that initial Schechter mass of the AGN mass func-
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tion is M∗AGN,1 = 10
6M. In each step we then increase the
M∗AGN,1 taking into account the current 〈λ〉, until the maximal
M∗AGN,1 is reached. As we have shown above, the maximal
M∗AGN,1 is given by the (non-evolving) M
∗ of the galaxy pop-
ulation and the mbh/m∗ ratio which is reflecting the evolving
BHARD/SFRD ratio.
As we discussed in Section 2, the shape of the QLF is
given by the combination of the underlying Eddington ratio
distribution and the AGN mass function. The high luminosity
end of the QLF is always equivalent to the high-end of the
Eddington distribution, while the low luminosity end is given
either by the low mass slope of the AGN mass function or the
low end slope of the Eddington ratio distribution, whichever
is steeper. While in C15 the low mass slope of the AGN mass
function was set to αAGN = −0.45 and was therefore steep
enough to reproduce the QLF, we have argued in Section 3.2
that this is not the case in the present scenario (αAGN ≈ 0). We
thus set the low end slope of the Eddington ratio distribution
function to reproduce the low luminosity end of the QLF (i.e.,
δ1 = 0.45). For simplicity and tractability of the model we set
up the high Eddington ratio slope to be constant with redshift.
We chose the value representative of the QLF at z∼ 2 which
corresponds to the peak of black hole accretion density and
set the high Eddington slope to be δ2 = −2.45 (Hopkins et al.
2007). From this, it follows that the QLF will also have non-
changing slopes and that the BHARD will only depend on
the evolution of the normalization and of the characteristic
luminosity. We note that considering possible changes of the
slopes would minimally affect our results. As an example, for
a QLF with a given φ∗QLF , L
∗ and γ1 = 0.45, varying the high
luminosity slope from the lowest value reported in Hopkins
et al. (2007), which is γ2 = 1.8 to the highest value, γ2 = 2.5,
changes the total luminosity density by about 0.09 dex.
As we briefly mentioned above, to ensure that AGN
growth happens in a quick, approximately δ-like manner, we
limit the low end of the Eddington ratio distribution to a fixed
fraction of the characteristic Eddington ratio, λ∗. We set this
at a tenth of λ∗, i.e., λmin = λ∗/10. The choice of terminating
the Eddington ratio distribution at a given fraction of λ∗ is
the simplest possible, and is attractive as it leads to propor-
tionally between the mean Eddington ratio of the population,
〈λ〉, which sets the overall growth timescale, and the charac-
teristic Eddington ratio, λ∗. We can then show that the mean
Eddington ratio is given by:
〈λ〉 = δ1δ2
(
(1+ δ2)λmin(λminλ∗ )
δ1 + (δ1 − δ2)
)
(1+ δ1)(1+ δ2)
(
δ1 + δ2(−1+ (λminλ∗ )δ1 )
)
.
(24)
With this particular choice of parameters, we can use Equa-
tions (5) and (7) and calculate the mass doubling time scale
for BH growth. We find that it is shorter, by a factor ∼17,
than the mass doubling time scale for galaxies on the Main
Sequence. This validates our assumption regarding the fast
growth of BHs when compared to the typical growth of their
star forming host galaxies.
5.2. Predictions of the quenching scenario and comparison
with the co-existence scenario
We first present the black hole mass-luminosity plane,
generated with the new, quenching scenario we presented in
this study, and tuned for comparison with SDSS quasar de-
mographics. We follow exactly the procedure that we ex-
plained in detail in C15 and which we briefly review here.
At each redshift bin we create a mock sample of AGN drawn
from the AGN mass function. The number of objects drawn
is adjusted to the observed SDSS volume at each redshift bin.
We then assign Eddington ratios randomly to each black hole
from the (evolving) Eddington ratio distribution function. We
also apply the obscuration prescription from Hopkins et al.
(2007), to leave only (mock) sources that would be observed
by an SDSS-like optical survey.
Figure 8 shows the evolution of the mass-luminosity
plane at three representative redshift bins. We see that the
predicted distributions (top panels) generally follow the ob-
served data (center and bottom panels; taken from Shen et al.
2011 and Trakhtenbrot & Netzer 2012). The interested reader
can compare this with results from C15 (Fig. 8 there) and
see that the results of the two models are comparable in this
sense. This is not surprising, and is a consequence of the
(required) evolution, in the current model, in the mass ratio
of roughly mbh/m∗ ∝ (1+ z)1.5 and in the Eddington ratio of
λ∗ ∝ (1+ z)2.5. These are quite similar to the (1+ z)2 trends
in both quantities which was postulated in C15 precisely to
match the observed (mbh,L) data.
We stress again that, while in C15 we have introduced
the evolution of mbh/m∗ as an input to the model in order
to break the degeneracy between the two, the evolutionary
trends in both these quantities are now a direct consequence
of the observed galaxy and black hole growth, encapsulated
in the SFRD and BHARD functions, respectively.
We then consider the predictions of the model for the
black hole - galaxy relation for quenched objects in the lo-
cal Universe. We compare our prediction with the data from
Kormendy & Ho (2013) and follow a similar procedure as in
C15. The only difference is, while before we used the results
from Birrer et al. (2014) to determine the quenching redshifts
of passive galaxies, this information is now incorporated in
a self-consistent manner in the model. Given how well both
choices reproduce the overall evolution of the galaxy popu-
lation, this difference is inconsequential.
In the left panel of Figure 9 we show the expected
mbh/m∗ relation as measured in quenched galaxies in the
local Universe, while in the right panel we show the rele-
vant observational data, taken from Kormendy & Ho (2013).
We note the excellent agreement between the model predic-
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Figure 8. Top row: the predicted mass-luminosity plane of SDSS quasars in the quenching model, shown in 3 representative redshift bins,
left to right. The lower two rows show observational data from Shen et al. (2011) and Trakhtenbrot & Netzer (2012). In each panel, the thick
black line is set at the Eddington limit (λ = 1), and the dashed orange lines show the calculated luminosity selection limit for the lowest and
highest redshift in each bin. The dotted and dashed black lines represent FWHM=1000 km/s and 1500 km/s, respectively, and are shown here to
indicate which objects could be missed in observations because of FWHM limit when selecting AGN with broad emission lines. The contours
are set at 10%, 20% etc. values of estimated probability distribution of objects, while the outermost objects are represented as individual dots.
The model provides a very good representation o fthe observational data. This figure is very similar to Figure 8 in C15. However, whereas in
that earlier work, the agreement with SDSS data was achieved by inputing a particular evolution in mbh/mstar, in the current work this ratio is
an output driven by quite different observational data, and this version of the figure is therefore a pure prediction of the quenching model.
tions and the observations, again similar to what was shown
in C15. Given that both models employed the similar in-
formation about galaxy evolution and have similar mbh/m∗
evolution, this result is not surprising.
Finally, we also point out that most of the other conclu-
sions that we reached in C15, such as the fact that the “sub-
Eddington" boundary is a simple consequence of the way the
AGN population is plotted in this plane, are still also com-
pletely valid. That this particular effect is so similar in both
cases is simply because the predictions for the two presented
scenarios are very similar at high AGN luminosities. SDSS
probes luminosities of L∗ and above and, as we argued when
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presenting the black hole mass functions at different lumi-
nosities in Figure 3, the mass function of black holes at lu-
minosities higher that L∗ has basically the same shape in the
two scenarios that we have considered. Other conclusions
from C15, such as the expectation that the mbh − σ relation
will be redshift independent and the explanation for weaker
evolution of the mass ratio at z∼ 1−2 in direct observations
are similarly not changed. These are both consequence of
the mass ratio evolution, which is virtually unchanged in the
new scenario, and galaxy evolution, which is unchanged. We
elaborate and show this explicitly in Appendix A. Finally,
we note that since the new scenario was set to also reproduce
both the (redshift-resolved) QLF and the BHARD, it also au-
tomatically reproduces AGN “downsizing", even though the
Eddington ratio distribution is again independent of the black
hole mass, as in C15.
6. DIFFERENTIATING BETWEEN THE TWO
AGN-GALAXY CO-EVOLUTION SCENARIOS
In C15 and in this paper, we have presented two models
for AGN-galaxy co-evolution based on two different physical
scenarios. In the first scenario the AGN need not directly in-
fluence the galaxy and the co-evolutionary build up of black
hole mass and of the stellar populations takes place, in paral-
lel, over the cosmological time-scales. In the second scenario
AGN are active only around the time at the end of the star-
forming life of a galaxy, i.e. either just before, during or just
after the (mass-) quenching of star-formation in the galaxy,
implying a close physical connection between the two. We
have seen that both scenarios can reproduce the same overall
evolution of the QLF and also explain other features of the
observed black hole population in the Universe (including
the local relic population).
Given that many of the outputs are so similar, reflect-
ing the similar outcomes from the convolutions that are at the
heart of the the two models, we might ask whether there are
simple observational ways to discriminate between the two
models. In this Section, we directly compare several pre-
dictions of the two scenarios, to construct a diagnostic that
can conclusively differentiate between them. We note that
the main difference between the scenarios is in which galax-
ies are assumed to host an AGN. In the first model, all star-
forming galaxies have an equal chance of hosting an actively
accreting black hole and therefore the AGN host mass func-
tion has the same shape as the mass function of star-forming
galaxies. In the second scenario, however, AGN are hosted
only in those galaxies that are undergoing (mass-) quenching,
and therefore, the mass function of the AGN host galaxies has
the same shape as the mass function of quenching galaxies,
which in turn has the same shape as that of the population of
previously quenched galaxies. These two functions differ in
their low mass slope by ∆α = 1, i.e., their mass function can
be written as
φhost(m∗)∝
(m∗
M∗
)αhost
exp
(
−
m∗
M∗
)
(25)
with αhost is αhost = αSF in the co-existence scenario and
αhost = αSF + 1 in the quenching scenario (see Equations 2
and 8). Simply stated, while in the first scenario AGN ac-
cretion is equally likely in all star-forming galaxies, in the
later scenario AGN activity happens preferentially in more
massive star-forming galaxies.
In order to differentiate between the models, we thus
must consider consider observational studies that simultane-
ously compare both AGN and galaxy properties. Such stud-
ies are only possible in extragalactic survey fields with rich
multi-wavelength data. X-ray surveys offer the best way to
trace AGN accretion in an unbiased way and, especially for
studies in which we want to investigate AGN-galaxy interde-
pendence, the X-ray coverage is crucial because it is the only
band that allows to cleanly identify AGN accretion, as star
formation cannot contribute significantly to the sources with
luminosity of Lx & 1042 ergs−1 (e.g., Aird et al. 2017). On the
other hand mid- and far-infrared photometry are crucial for
the characterization of the galaxies’ SEDs and particularly
their SFRs. The need for this multi-wavelength data restricts
such studies to fields with deep X-ray coverage such as Chan-
dra Deep Field North (CDF-N; Alexander et al. 2003), Chan-
dra Deep Field South (CDF-S; Xue et al. 2011), COSMOS
(XMM-COSMOS, Cappelluti et al. 2009, C-COSMOS, Elvis
et al. (2009) and the more recently completed Chandra COS-
MOS Legacy Survey, Civano et al. 2016). The mid and far-
infrared measurements for these fields with Spitzer and Her-
schel are described in Elbaz et al. (2011), Lutz et al. (2011)
and Oliver et al. (2012).
6.1. Galaxy properties as a function of AGN luminosity
The first quantity we consider is the dependence of the
galaxy star-formation rate as a function of the AGN luminos-
ity. For this experiment, we generate another AGN sample
using the same method as it has been described in Section
5.2, but considering the full luminosity range (without SDSS
luminosity cut, as in Section 5.2). The AGN sample is di-
vided into luminosity bins, and then the mean star-formation
of the AGN hosts is determined. Assuming that the AGN
hosts are Main Sequence star-forming galaxies that obey a
linear relationship between their mass and star-formation,
determining the mean star-formation rate is largely equiva-
lent to determining the mean mass of the host galaxies. As
we have argued in Section 3.2, this dependence is intrinsi-
cally different in the two AGN-galaxy co-evolution scenar-
ios: while in the co-existence scenario the typical galaxy
mass of AGN hosts was dependent on the AGN luminosity,
in the quenching scenario galaxies near ∼ M∗ dominate the
host mass function at all AGN luminosities.
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Figure 9. Left: The predicted mbh/m∗ relation in quenched galaxy systems in the local Universe, with artifical data generated by the numerical
model. Right: The actual mbh/mbulge from Kormendy & Ho (2013). The orange line on both panels shows the best fit to the data reported
in Kormendy & Ho (2013). As with our earlier model in C15, the new quenching scenario naturally reproduces the local relation in passive
systems.
We show the results in Figure 10. The data points
show observational results from Rosario et al. (2012) and
from Stanley et al. (2015). These are directly comparable,
but we avoided putting them on the same panel to improve
the clarity of the presentation. We also show results from
Mullaney et al. (2012a), using their Equation (4), which con-
nects stellar mass and the AGN LX . We transform stellar
mass to SFR assuming the Main Sequence from Equation (6)
and with scatter of 0.3 dex. We show the result as a band
with a width of 0.2 dex, corresponding to the scatter seen in
the data. In both panels, the dual x-axes mark both X-ray
and bolometric luminosities. We follow the suggestion from
Mullaney et al. (2012b) and use, for the sake of simplicity,
a constant bolometric correction of k = 22.4 (Vasudevan &
Fabian 2007). The dual y-axes mark both the IR luminos-
ity due to star-formation, and the equivalent SFR, using the
constant scaling in which SFR of 1 M/yr corresponds to
1043.6 ergs−1, as used in Stanley et al. (2015). The solid lines
trace the predictions using the model developed in this paper,
in which AGN are connected with quenching, in four differ-
ent redshifts bins. These can be compared to the prediction
of the scenario presented in C15, shown with dotted line. We
also show a modified version of the C15 model, in which we
set the low Eddington ratio slope to δ1 = −0.45, instead of
δ1 = 0 as used in the original work. This modified model is
meant to resemble some of the scenarios discussed in Stanley
et al. (2015)(see more discussion below).
For the sake of clarity, we show only those outcomes
from C15 and Mullaney et al. 2012a that correspond to red-
shift z ' 1.2, and note that the conclusions we draw are ap-
plicable to any redshift.
As Figure 10 shows, the quenching model provides an
excellent agreement with observations. The predicted slope
is almost flat as a consequence of the fact that, in any AGN lu-
minosity bin, the sample is dominated by galaxies at the same
stellar mass, i.e., around the characteristic Schechter M∗, as
seen on Figure 3). Even though different luminosity bins
have very different black hole masses, these are all hosted
by galaxies that are undergoing quenching, which are over-
whelmingly massive galaxies around M∗. There is a slight
tilt to the predicted relations in both panels. This is a con-
sequence of the fact that black hole accretion is not instan-
taneous - while the black holes are growing through accre-
tion, their galaxies are also growing through star-formation,
albeit at a slower pace. This induces a weak dependence
in which more luminous objects, corresponding to the more
massive black holes, do actually reside in slightly more mas-
sive galaxies.
In contrast, the original co-existence scenario from
C15 shows a very different, much stronger SFR-LX relation.
As discussed in Section 3.2, the dependence of host mass on
AGN luminosity is quite different below and above L∗. Be-
low L∗, the link between galaxy mass and AGN luminosity is
linear, while above L∗ such a scaling cannot continue given
the steep drop in the galaxy mass function, and all AGN are
effectively hosted in galaxies with roughly M∗. This can be
seen in Figures 10 as the dotted line flattens its linear depen-
dence at higher luminosities, approaching what is seen in the
quenching scenario (i.e., the present work). This line of rea-
soning is very similar to the reasoning used by Bernhard et al.
(2018) who argued that the flat SFR-LX relation is an indica-
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Figure 10. The mean star formation rate in AGN hosts as a function of AGN luminosity. In both panels, the full lines show predictions of our
model at four different redshifts, the light green filled area shows the observational results at 0.8 < z < 1.5 from Mullaney et al. (2012b) and
the dotted line shows the prediction from the co-existence scenario as presented in C15. We also show, with a dashed line, the prediction from
a modified version of the C15 model, but with a low Eddington ratio slope set to δ1 = −0.45. In the left panel we also add comparison with the
color-matched data points from Stanley et al. (2015), while in the right hand panel we show the color-matched data points from Rosario et al.
(2012). We show some of the results only at redshift z' 1.2 to improve clarity of the plot.
tor for the existence of the mass dependence in the Eddington
ratio distribution of AGN.
The origin of this strong dependence in C15 was the
rather narrow range of galaxy masses which host AGN of
certain luminosity. We note that we can extend this range by
modifying δ1, i.e., the low-end slope of the Eddington dis-
tribution function. The only constraint from the QLF data
is that this slope has to be shallower than the low-luminosity
slope of the QLF, which is roughly γ1 ' 0.45 (e.g., Aird et al.
2015). In C15 we have used δ1 = 0 due to its attractive prop-
erty of describing an exponentially decaying AGN popula-
tion, but any δ1 & −0.45 is capable of explaining the data.
As noted above, Figure 10 shows the prediction of from a
“modified” version of the C15 model, this time indeed as-
suming δ1 = −0.45. We see that this allows for a much bet-
ter agreement with the data, compared to the original C15
model. Specifically, high-mass galaxies and their high-mass
black holes again dominate the AGN population, especially
at higher luminosities. Deviations at low luminosities start
to appear due to the fact that the Eddington ratio distribution
has to be truncated at a lower cutoff value, as the integral of
the distribution cannot exceed unity. We note that the differ-
ences between these two models are indeed relatively small
within the range of luminosities covered by the data.
6.2. AGN properties as a function of galaxy mass
An alternative view on the AGN - galaxy connection
can be obtained if the data are not binned in bins of AGN
luminosity as in the previous subsection, but rather in bins of
galaxy mass. In observational analyses that follow this ap-
proach, all star-forming galaxies of a certain stellar mass are
considered and then the mean AGN luminosity is calculated
by stacking the total X-ray flux at the positions of these ob-
jects, including X-ray flux that would not be considered suffi-
cient to claim a detection of an individual galaxy as an AGN.
This approach is of interest because, even though the under-
lying data are the same, the different projections can expose
different trends in the population (e.g., Volonteri et al. 2015).
Additionally, when selecting objects above a certain AGN
luminosity, as above, we are sensitive only to objects that
are currently accreting. As we have pointed out above, the
main difference between the two AGN-galaxy scenarios was
in the mass dependence of the fraction of galaxies that host
an AGN. While the first approach was actually testing the av-
erage host mass of AGN of different luminosities, this second
analysis approach is directly probing mass dependence of the
fraction of galaxies hosting an AGN, as the mean luminos-
ity of AGN in a bin containing all star-forming galaxies of
a similar mass is obviously sensitive to the fraction of these
galaxies that are hosting an AGN.
We now compare the results of our two models with
two sets of observations. The first analysis mimics the re-
sults one would expect from a 0.9 deg2 C-COSMOS field,
analyzed in Rodighiero et al. (2015). To do so, we use the
results from our analysis in Section 5 and create very large
numbers (105) of AGN hosted in galaxies with m∗> 108 M,
together with their black hole and galaxy masses, in redshift
bins separated by ∆z = 0.1. We note that in our model this is
largely equivalent to the selection in SFR for star-forming ob-
jects, given the assumed linear tight relation between stellar
mass and star-formation. We estimate the number of objects
that we expect in each redshift bin in a 0.9 deg2 field and
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draw objects randomly. For the sample at z ∼ 2 we consider
objects between 1.5 < z < 2.5, and for the sample at z ∼ 1
we take objects between 0.5< z< 1.5.
The second analysis mimics results from the smaller
0.11 deg2 CDF-S field, analyzed in Mullaney et al. (2012b)
and Yang et al. (2017). We follow the same procedure as de-
scribed above. For the sample at z ∼ 2 we simulate objects
between 1.3< z< 2.0, and for the sample at z∼ 1 we simu-
late objects between 0.5< z< 1.3, as has been done in Yang
et al. (2017).
We show the results of these analyses in Figure 11. The
left panel shows the results at higher redshift of z∼ 2, while
the right panel shows the results at the lower redshift of z∼ 1.
The different points correspond to the results of observational
studies: the black and gray points show the CDF-S results by
Mullaney et al. (2012b); the light blue and blue points show
CDF-S results by Yang et al. (2017); and the red points show
the COSMOS results presented in Rodighiero et al. (2015).
We also show, as a dashed black line, the level at which the
contribution from the unresolved X-ray background becomes
appreciable, as estimated by Yang et al. (2017). This serves
as a lower limit for estimating the 〈Lx〉/〈SFR〉 dependence.
We have made the X-ray luminosities obtained from
these different surveys consistent by following the same pre-
scription as the one described in Rodighiero et al. (2015).
The thick brown line shows the dependence with mass that is
expected from the co-existence scenario that was presented
in C15. The fact that this line is horizontal is a natural conse-
quence of that model because all star-forming galaxies have
the same Eddington ratio distribution at all masses and there-
fore an equal probability of hosting an AGN. This means that
that there is a direct linear correlation between the stellar
mass and the mean AGN luminosity measured at that stel-
lar mass. When coupled with the linear correlation between
stellar mass and the mean star-formation (i.e., under assump-
tion of linear Main Sequence), this leads to constant relation
between the mean stellar mass of the sample and its mean
AGN luminosity.
On the other hand, the diagonal thick orange line shows
the idealized expectation of the mass dependence from the
quenching scenario considered in the current work, in which
the probability of hosting an AGN increases linearly with
galaxy mass, following the increasing likelihood of quench-
ing. The line saturates at high masses as the fraction of
star-forming galaxies that are “quenching” starts to approach
unity. The red and blue lines show our expectations for ob-
served relations in actual surveys. The shaded regions were
created by running the simulation of the results from the
quenching model 100 times and selecting the 16th and 84th
quantiles to indicate the possible spread of the results. Be-
cause the COSMOS field is much larger and therefore con-
tains more galaxies, the spread is naturally smaller, as seen in
the figures. We also show in Appendix B, in qualitative fash-
ion, how the fact that these fields are still relatively small and
lack very luminous objects can bias these results and mod-
ify the inferred mass dependence. This effect is particularity
pronounced when evaluating the results from the small CDF-
S field. The exact treatment of this effect is beyond the scope
of this paper but we note that it would only strengthen our
conclusions.
We see from Figure 11 that the quenching model pre-
sented in this paper provides a much better agreement with
the observational data. The difference is particularly pro-
nounced at lower galaxy masses, where the predictions from
the two models diverge. We see that the data from Yang
et al. (2017) suggests consistently lower 〈Lx〉/〈SFR〉 com-
pared with measurements of higher-mass galaxies, in accor-
dance with our predictions. Yang et al. (2017) notes that
the contribution of X-ray binaries (XRBs) to the X-ray sig-
nal, not explicitly modeled here, acts to flatten out the de-
pendence at low stellar masses. This explains why the data
at lowest stellar masses do not continue to follow the linear
trend with stellar mass.
We can also comment briefly on the difference in nor-
malization between the different data samples and predic-
tions. The aforementioned observational studies have been
done on different datasets and using different methods to es-
timate SFR. Even for data at similar masses, the spread is in-
dicative of systematic differences in estimating 〈LX〉/〈SFR〉
ratio. Given these large uncertainties we believe it would be
unwise to attach too much significance to the overall nor-
malization of the results, and we emphasize the difference in
mass dependence of the 〈LX〉/〈SFR〉 relation.
In summary, this analysis clearly shows a preference
for the mass dependence in the 〈LX〉/〈SFR〉 relation, which
is consistent with the mass-quenching scenario we present
here. Coupled with the results showing links between galaxy
properties and AGN luminosity, shown in Section 6.1, we
see that the quenching co-evolution scenario explored in this
paper is clearly preferred by the data over the co-existence
co-evolution scenario presented in C15.
7. SUMMARY
We have presented an observationally motivated, phe-
nomenological model which connects the evolving galaxy
population with the evolving AGN population. The paper
represents an extension of the formalism that we first pre-
sented in C15. In the current paper we have explored a sce-
nario in which black holes do not grow over the whole pe-
riod that the galaxy is forming stars, as in C15, but rather
that the central black holes are only active and grow in one
relatively short episode as their host galaxies are approaching
Schechter mass (M∗). We operationally connect this process
with galaxies undergoing quenching (and more specifically,
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Figure 11. The ratio of the mean X-ray luminosity and mean SFR, 〈Lx〉/〈SFR〉, of star-forming galaxies as a function of their stellar mass.
Left panel shows results at z∼ 1 and the right panel shows results at z∼ 2. Data is shown from Yang et al. (2017), Rodighiero et al. (2015), and
Mullaney et al. (2012b). The orange line is the prediction from our quenching model assuming an infinitely large survey area. The red and blue
lines and shaded areas show the predictions for surveys limited in area, and show COSMOS-like and GOODS-like surveys (see text for more
details). The horizontal brown line is the prediction from our previous model in C15. Compare with Figure 4. This Figure prefers the newer
model developed in this paper.
the so-called “mass-quenching”) process at the end of their
star-forming lives. The development of this new model was
motivated by the fact that the significant changes, by a factor
of ten, in the mbh/m∗ black hole - galaxy mass ratio between
redshifts 0 and 2 that were needed to reproduce observations
in the SDSS BH mass- quasar luminosity plane, were barely
consistent in the co-existence scenario presented in C15 with
the observed mass growth rates of the stellar and black hole
components. We have then showed analytically the following
results:
1. The black hole - galaxy mass scaling relation for those
galaxies that are just about to quench (and shut down
further growth of both stellar and black hole mass) is
given explicitly by the global BHARD/SFRD ratio of
the Universe at the epoch in question. Observational
data on the evolution of the BHARD and SFRD sug-
gest that the BHARD/SFRD ratio of these “quenching
galaxies” was higher at redshift 2 than today by 0.5 to
1 dex, i.e., an evolution of ∼ (1+ z)1.5. This should be
the change in the mbh/m∗ ratio in galaxies that host an
AGN.
2. The evolution of the characteristic Eddington ratio, λ∗,
is given by the product of the evolution of the global
SFRD/BHARD ratio and the evolution of the charac-
teristic luminosity of the QLF, L∗ (since it is assumed
from observations that the evolution of the Schechter
M∗ of star-forming galaxies is negligible). The evolu-
tion of these quantities suggests a rise of λ∗ following
∼ (1 + z)2.5 up to z ∼ 2. This is strikingly similar to
the observed evolution of the cosmic rsSFR. At higher
redshifts, the observations indicate that the evolution
of λ∗ stabilizes at a value close to the physically highly
significant Eddington limit, i.e. λ∗ ∼ 1.
3. The normalization of the AGN mass function, φ∗AGN ,
is proportional to the product of the φ∗SF normalization
of the star-forming galaxy mass function and the ratio
of the characteristic specific star formation rate of the
Main Sequence and the black hole growth rate λ∗. If
the rsSFR and λ∗ have the same redshift dependence,
as our analysis (in the framework of this model) indi-
cates they do out to z∼ 2, the ratio between φ∗AGN and
φ∗SF stays constant with time, as observed.
We have shown that this model, in which AGN activ-
ity is connected with galaxy quenching, also reproduces the
SDSS BH mass – quasar luminosity plane, and the observed
mbh/m∗ relation of quenched galaxies in the local Universe.
Similarly, other attractive conclusions from C15 based on
the evolution of the mbh/m∗ will also hold in the new sce-
nario. These include (i) the explanation for the so-called
“sub-Eddington boundary”, (ii) the reproduction of downsiz-
ing even though the Eddington ratio distribution is indepen-
dent of mass, (iii) the explanation for the weaker BH-to-host
mass ratio evolution at z ∼ 1 in observations, and (iv) the
expectation that the mbh −σ relation will be roughly redshift
independent.
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This is not surprising as the mbh/m∗ and λ∗ that we de-
rived from observations in the current work are very similar
to the evolution that we postulated in C15. This congruence
was by no means guaranteed, nor set up beforehand, but is
a natural consequence, within the framework of this model,
of the observed evolution of the BHLD(BHARD), SFRD and
the galaxy population.
We have pointed out that the main difference between
the co-existence and quenching co-evolution scenarios is in
the mass function of galaxies that are hosting AGN. We have
therefore conducted a comparison of the two scenarios with
observational studies that follow simultaneously the evolu-
tion of the mean properties of both galaxy and AGN popula-
tions. Our main conclusions from this comparison are:
1. The mean star-formation in AGN host galaxies is only
weakly dependent on the luminosity of AGN in the
quenching scenario, which is in excellent agreement
with the observed relations from Rosario et al. (2012),
Mullaney et al. (2012a), and Rodighiero et al. (2015)
that show little luminosity dependence in the observed
range. The co-existence scenario as described in C15,
predicts a linear correlation between the star-formation
rate and AGN luminosity in the luminosity range cov-
ered by the observations, but can be made more consis-
tent with observations by modifying low-end Edding-
ton slope dependence.
2. We make predictions for the mean AGN luminos-
ity/SFR ratio as a function of galaxy mass in the
quenching and co-existence scenarios in COSMOS
and CDF-S fields. The quenching scenario predicts
a linear mass dependence, a consequence of the fact
that more massive galaxies are more likely to host
an AGN, while the co-existence scenario predicts no
mass dependence in the mean AGN luminosity to SFR
ratio, since all galaxies are equally likely to host an
AGN. We find that the quenching scenario offers a bet-
ter description than the co-evolution scenario for the
observed galaxy mass dependence of 〈LX〉/〈SFR〉 in
Mullaney et al. (2012b), Rodighiero et al. (2015) and
Yang et al. (2017).
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APPENDIX
A. THE MBH/MBULGE CORRELATION IN QUENCHED SYSTEMS
In this section we will further expand our analysis of the scatter in the relations connecting galaxy properties and black
holes masses in passive (quenched) galaxies. We have already pointed out that the size evolution of galaxies will act to reduce
the scatter in the mbh −σ relationship, compared to the mbh/m∗ relation. In this appendix, we now consider the scatter in the
mbh/mbulge relation.
How the bulges are formed and what dynamical processes are drivers of the bulge formation is still an open question and
a topic of research (e.g., Noguchi 1999; Steinmetz & Navarro 2002; Kormendy & Kennicutt 2004; Dekel et al. 2009). However,
the phenomenological approach which we have been using so far can provide some insights here as well.
In order to study the mbh/mbulge relation in what follows, when inferring the bulge mass today, we compute the stellar
mass which was created before certain redshift and attribute this mass to the bulge component. This is motivated by the work
of Lilly & Carollo (2016) who studied the correlation between rsSFR and internal structure of galaxies. Their simple model
uses observed evolution of the size-mass relation for star-forming galaxies to model the build-up and radial dependence of stellar
mass in galaxies. As galaxies grow along the Main Sequence the newly created stars are distributed in an azimuthally symmetric
exponential distribution with a scale length, h, which has a redshift dependence of h(z) ∝ (1 + z)−1. For a typical galaxy at a
given redshift and mass, the outer edges follow the exponential profile, while the inner parts have profile which rises above
exponential due to star formation which occurred at earlier epochs. This excess of the mass in the central parts of the galaxies can
be operationally associated with the “bulge” component. In this model galaxies which have quenched at the earlier times have
much denser cores, due to to the scale length being smaller at earlier times, and a larger fraction of these galaxies can therefore
be identified as a “bulge".
Figure 12. The correlation of black hole mass with total and bulge mass in quenched galaxies. In the left panel we show the expected mbh/m∗
relation in quenched galaxies. As described in the text, we simplistically separate the population of galaxies into “bulge dominated systems",
i.e., those galaxies which quenched before z = 1.2 which are shown in red, and “disk dominated systems", i.e., those galaxies which quenched
after z = 1.2, which are shown in black. We also show, with the dashed lines, the evolution of the typical mbh/m∗ ratio with redshift. In the right
panel we show expected mbh/mbulge relation in quenched galaxies. In this case, the bulge mass has been simplistically computed as being the
stellar mass of the galaxy at z = 1.2.
Following the approach described above and to illustrate qualitatively the scatter expected in the mbh/mbulge relation we
simply compute, for each growing galaxy, the stellar mass which was created before z > 1.2, and identify this as the bulge.
More involved and no doubt more realistic scenarios could be surely implemented but we use this simplest assumption following
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the spirit of our phenomenological modeling and to transparently illustrate the main effect. We show our results in Figure 12.
Comparison of the two panels clearly shows that the observed scatter is reduced when considering the mbh/mbulge relation. This is
because the “added scatter", which is caused by the redshift evolution of mbh/m∗ relation, is virtually eliminated when considering
just the bulge parts of the galaxies, which have all been built-up at higher redshifts. mbh/mbulge relation in quenched galaxies
has therefore essentially the same scatter as the intrinsic scatter of the mbh/m∗ relation in star-forming galaxies at a particular
redshift. We show also the direct calculation of the scatter as function of either total or bulge mass in Figure 13. For this particular
calculation we used an intrinsic scatter of 0.3 dex - in this way contribution of the intrinsic scatter and the mass ratio evolution to
the total observed scatter are of comparable magnitude.
Figure 13. The scatter in the black hole - galaxy relation when computed using total mass (in black) or “bulge" mass (in orange). The thin
dashed line shows the intrinsic observational scatter, which was set at 0.3 dex for this particular analysis. mbh/mbulge relation shows less scatter
than the mbh/m∗ relation. This is because mbh/mbulge relation effectively eliminates the contribution of the mbh/m∗ evolution to the total scatter,
which is present in the mbh/m∗ relation. See text for discussion.
This analysis shows how the the tight correlation between mbh/mbulge does not necessarily imply that there is deep causal
connection between a black hole and its host bulge. Even though the intrinsic correlation in our model was between the black
hole and the total stellar mass, the interplay between the rsSFR evolution, the galaxy size evolution, and the mbh/m∗ evolution can
produce a tighter mbh/mbulge relation. Of course, as in the previous section, this analysis cannot recover which physical process is
actually the primary driver for correlations observed in the Universe. One could also conduct the analysis “in reverse", by arguing
that the mbh/mbulge in quenched galaxies is the most fundamental correlation and drives the apparent evolution of (mbh/m∗)Qing
which we use as a premise.
B. POSSIBLE BIASES DUE TO SMALL SIZE OF FIELDS WITH MULTI-WAVELENGTH COVERAGE
In this section we want to point out how the mass dependence of the 〈Lx〉/〈SFR〉 relation can be modified if the observa-
tional sample is lacking, for any reason, very luminous AGN. Due to observational constraints, these types of multi-wavelength
observations are still done on relatively small fields. If the luminous AGN are absent in the sample of galaxies, this can signifi-
cantly change the conclusion about dependence of mean AGN luminosity with galaxy mass because the rarest and most luminous
objects are most likely to be hosted in more massive galaxies.
In Figure 14, we schematically show predictions from our quenching model at redshift z ∼ 2 with the effects we expect if
more luminous objects are removed from the sample. On the x-axis, we have grouped galaxies in bins of 0.5 dex, as binning over
a relatively large range of masses is commonly done in observations. On the left y-axis we denote the mean x-ray luminosity
over star formation rate for galaxies in the bin. On the right-hand side, we show the equivalent quantity, black hole accretion rate
over star formation rate. We use a constant offset of a factor 1044.45, as used in Rodighiero et al. (2015). First, we consider the
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dark red line on the top of the figure that shows a non-biased sample. This follows the true distribution. For low masses, the slope
has linear dependence, which is the consequence of the trend that the fraction of star-forming galaxies which “are quenching”
increases linearly with the stellar mass (see Equation (25)). At the high mass end there is some flattening because the fraction
saturates, i.e., the fraction of star-forming galaxies that host an AGN cannot continue to grow linearly as the high enough masses
fraction of star-forming galaxies that host an AGN approaches unity.
Figure 14. Schematic representation of the effect of removing AGN above a certain luminosity on the inferred 〈Lx〉/〈SFR〉 dependence with
stellar mass. Lines show predicted 〈Lx〉/〈SFR〉 dependence if only AGN below a bolometric luminosity, indicated next to each line, are kept
in the sample. Luminosities on the Figure are logarithmic and expressed in units of erg/s. The figure has been created assuming the survey is at
z∼ 2, which is the time when L∗ ≈ 1046.7 erg/s.
We then start removing the most luminous objects from our sample, as indicated by the successive orange, yellow and blue
lines. As we have pointed out, removing more luminous objects from the sample disproportionately affects the measurement of
the mean AGN luminosities of high mass galaxies since these are more likely to host these rare very luminous AGN. This effect
causes a flattening of the observed relation, because the inferred mean luminosity of AGN in high mass galaxies is underestimated.
In the unrealistic extreme case in which we are only including low luminosity AGN (e.g., dark blue line), the mean measured
AGN luminosity in high mass galaxies is very low, since large black holes in those galaxies generally do not radiate at these low
luminosities.
